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Microbial life unambiguously inhabits the deep, terrestrial subsurface. Although 
the nutrient and energy sources supporting deep life are largely unconstrained, they are 
likely to be geochemically-derived. Novel organisms and energy sources are consistently 
discovered in the subsurface, and expand the range of microbial diversity and 
biogeochemical processes encountered on Earth. This dissertation connects metabolisms 
predicted to support subsurface life inhabiting the fluids circulating through granite 
fractures and pore spaces in Henderson Mine, Colorado at a depth of 3000 feet to the 
specific microbes that are detected by culture-dependent and independent methods. The 
thermodynamics of potential inorganic redox reactions in Henderson fluids reveal that 
oxidation of metals (Fe, Mn), and reduced sulfur and nitrogen compounds with O2 can 
support microbes energetically, as can metabolisms utilizing nitrate, nitrite or metal-
oxides as electron acceptors. Sulfate reduction is not favorable in Henderson fluids, in 
contrast to other deep mines where it is a dominant metabolism. Targeted culturing of 
chemolithoautotrophic microbes from Henderson resulted in the isolation of Ralstonia 
HM08-01 that grows by oxidizing Fe(II) with O2 at circumneutral pH. This organism was 
abundant in 16S rRNA clone libraries of Henderson fluids, signifying that Fe-oxidation 
may support a significant proportion of biomass. The Fe-oxides produced in experiments 
were colloidal (50-100 nm diameter), persistent phases that would influence metal and 
nutrient transport if they form at Henderson. Aside from iron, ammonium (>100 µM in 
borehole fluids) is an important energy source at Henderson. Nitrification is possibly 
 iv 
mediated by Crenarchaea living in the Henderson fluids that possess the amoA gene for 
ammonia oxidation, and Nitrospira bacteria that possess the nxrB gene for nitrite 
oxidation. Although NH4+ substituted into K+-bearing minerals could theoretically supply 
subsurface microbes with geological ammonium, no ammonium was detected in 
Henderson minerals. Phylogenetic analysis of nifH genes for nitrogen fixation present at 
Henderson suggest the novel phylum of Henderson candidate division bacteria may be 
nitrogen fixers, and that ammonium is sourced biologically. These findings inform the 
reactions that are known to support subsurface life, the source of nutrients and energy 
sources for subsurface life, and the diversity of life that inhabits the subsurface. 
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Chapter 1 
INTRODUCTION 
 
1.1 Introduction 
1.1.1Subsurface refugia for early and extraterrestrial life 
Perhaps the greatest mystery in biology is how life originated. Although the 
details of life’s appearance, initial development, and adaptation to conditions on Earth is 
still a mystery, we do have some evidence in the geological record on when life appeared. 
Isotopically light carbon is observed in apatite grains from sedimentary sequences of the 
Isua supracrustal belt and Akilia island in Greenland (Mojzsis et al., 1996), and this light 
carbon is interpreted as evidence for the presence of chemo- or photo-autotrophic life 
when the >3.8 Ga rocks formed. If life appeared before 3.8 Ga, then it would have faced 
the challenge of high heat fluxes through the crust that may have made the Earth’s near 
surface uninhabitable (Maher and Stevenson, 1988). These high heat fluxes were caused 
by the Late Heavy Bombardment (LHB) between 3.9 and 4 Ga, when a spike in impacts 
to Earth initiated thermal metamorphism of the Earth’s crust. However, recent thermal 
modeling attests to more clement conditions for the development of life in the upper 4 km 
of the early Earth’s crust during the LHB that would have been tolerable to thermophilic 
microbes inferred to be the earliest type of life on Earth (Abramov and Mojzsis, 2009). 
These results extend the habitability of the planet back at least 100 My before the first 
chemical evidence of life at 3.8 Ga, but they also highlight the importance of the 
subsurface as a habitat or refugia for early life. 
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The early Earth may not be the only time or place where life found refuge in the 
subsurface. Scientists have long been captivated with the idea of Mars as a habitable 
planet, and with good reason. Extensive valley networks developed on the Red Planet 
attesting to wet and warm conditions and a hospitable environment for life to survive or 
develop (Malin and Carr, 1999). However, the paucity of valley networks of younger 
than 3.8-3.6 Ga dictate that warm and wet conditions were limited to ancient Mars only 
(Hoke and Hynek, 2009). This lack of surface water on modern Mars implies that water-
based life, if present on Mars as it is on Earth, may have a difficult time thriving on the 
martian surface after the valley networks formed. Although modern Mars is generally 
dry, there is recent photographic evidence of surface flow through gullies of what is 
presumably water on the martian surface (Mellon and Phillips, 2001), and modeling 
results suggest that ice may be stable in the martian subsurface to a few tens of meters 
depth, with periodic melting events due to geothermal heating (Malin et al., 2006). If 
Earth-like life resided on Mars in the past or the present, a watery subsurface may be a 
refugium for life when conditions on the surface became arid and harsh (Boston et al., 
1992). In order to assess whether the martian subsurface was or is habitable, or if the 
early subsurface on Earth was habitable, we need to constrain the physical conditions (i.e. 
temperature, pressure, pH) that modern subsurface Earth life can tolerate, assess the 
energy sources and nutrients that subsurface life uses, and determine the geochemical 
impact that subsurface life has on its environment. These constraints can then guide 
future studies that assess the habitability and evidence for life in subsurface environments 
on early Earth, Mars, or other planets.  
 
	   3 
1.1.3 Modern subsurface environments as analogues of early Earth 
The “record-holders” of the microbial world for tolerance of “extreme” conditions 
are often found in subsurface environments. The adaptations of these organisms continue 
to challenge the notion that high temperature, high pressure and other physical extremes 
preclude the possibility of life in the subsurface. For instance, an organism isolated near a 
300°C hydrothermal vent in the Pacific ocean can survive temperatures up to 130°C, and 
sustain growth at 121°C (Kashefi and Lovley, 2003). The temperatures of fluids from 
which this organism was isolated fluctuated between 300°C directly in the vent and 4°C 
seawater in surrounding seawater. These observations underscore that subsurface 
organisms deal not only with extreme physical conditions, but extremes that can vary on 
the microscale. Deep ocean hydrothermal vent microbes are routinely cultivated at 
greater than 20 MPa (Takai et al., 2009; Takai et al., 2008), demonstrating an adaptation 
to the high pressures encountered on the seafloor. In addition to pressure, subsurface 
organisms face other extremes not routinely encountered by surface life. Space 
limitations are one example, particularly in hard rock environments such as solid granite 
where linked pore spaces are less than 3 µm diameter (Sahl et al., 2008). Although it may 
not be difficult for an organism of <1 µm diameter to fit in this space, the presumably 
slow delivery of nutrients to microbes living in pore spaces, or deep ocean sediments 
where mixing of fluids is likely to be minimal, imposes extremes of nutrient limitation. 
Slow nutrient delivery likely influence estimates that the time needed for a microbial 
populations in deep ocean sediments to double may be on the order of hundreds of years 
(Phelps et al., 1994).  
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It is not just an adaptation to slow delivery of nutrients and substrates that 
distinguishes subsurface vs. subsurface microorganisms, but also the types of energy 
sources utilized in each environment. Chemical energy sources fuel all life on Earth. 
Subsurface organisms may be considered extremophiles in the sense that they are likely 
to be chemolithoautotrophs that utilize CO2 as a carbon source and mediate redox 
reactions between rock-derived substrates for chemical energy (Moser et al., 2005). In 
contrast, heterotrophic organisms that depend on organic carbon for both a chemical 
energy source and carbon source are common to surface environments. Chemotrophic 
metabolisms are analogous to those used by the earliest life on Earth (Nisbet and Sleep, 
2001). Photosynthesis today supplies organic carbon and oxygen that support 
heterotrophic metabolisms, but the by-products of photosynthesis would have been 
unavailable until photosynthesis evolved some time after the initial development of life 
(Blankenship, 1992). In the subsurface, a lack of light precludes solar-driven 
photosynthetic metabolisms, and delivery of photosynthetic by-products that can fuel 
heterotrophic metabolisms is likely to be limited in time and space. 
Chemolithoautotrophic subsurface organisms in this way may be analogous to some of 
the earliest life on the planet, and their study can facilitate our understanding of how life 
initially took root on Earth. 
It is hypothesized that the ultimate molecule of energetic currency on early Earth 
was H2 (Gold, 1992; Nealson et al., 2005; Stevens and McKinley, 1995), and there is 
evidence that H2 may be the ultimate energy source to some subsurface systems today 
(Chapelle et al., 2002; Stevens and McKinley, 1995; Takai et al., 2004). H2 fuels the 
reduction of CO2 to methane or organic matter and this reaction was likely necessary to 
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synthesize the organic molecules required of early life. Hydrogen equivalents (H+ and e-) 
are needed to reduce N2 to NH3 via nitrogen fixation, and the production of NH3 also 
supports the assembly of organic molecules (amino acids). Both N2 and CO2 were 
available on early Earth atmospheres (and now in the subsurface; Goldblatt et al., 2009; 
Kasting, 1993), and could have supplied the earliest nitrogen and carbon-fixing microbes 
as they potentially do for modern subsurface organisms (Chivian et al., 2008).  
Energy-yielding chemolithotrophic metabolisms that are possible in both 
subsurface and early Earth environments include H2 oxidation with oxidants that are also 
geologically derived (i.e. CO2, S0) (Canfield et al., 2006). A hydrogen-fueled ecosystem 
isolated from photosynthesis is termed a SLiME (Subsurface Lithoautotrophic Microbial 
Ecosystem; Stevens and McKinley, 1995). A definitive SLiME on modern Earth has not 
yet been identified because of the difficulties in determining if geochemical production of 
energy sources (i.e. H2) is sufficient to maintain an ecosystem, and in finding a site 
completely cut off from photosynthetic by-products (Nealson et al., 2005). Although a 
SLiME has not yet been identified and possibly may not exist on modern Earth, 
subsurface sites are the most likely targets and are still worthy of study. Target sites 
include hydrothermal systems where the breakdown by water of exposed ultramafic rocks 
generates H2 (McCollom, 2007), and hard rock environments where H2 (and oxidants 
such as O2, SO42-) are produced via the radiolytic splitting of water by the decay of 
radionuclides (i.e. U, Th, K, common in granite; Lin et al., 2005b). These H2-generating 
processes are both relevant to the early Earth when ultramafic rocks were more abundant 
(Sleep et al., 2004), and short-lived radionuclides may have increased radiolytic H2-
production. 
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Modern-day subsurface environments that communicate with the surface via input of 
meteoric water are not SLiMEs because the water may contain photosynthetically-
derived substrates that can augment microbial growth on geochemical energy sources. 
Although these habitats are not analogous to the earliest conditions for life on Earth, they 
are analogues to important early Earth conditions, specifically the Precambrian ocean 
shortly after the advent of oxygenic photosynthesis. At that time, the surface ocean was 
becoming oxic and this would have fueled the development of organisms that could 
oxidize the pool of electron donors such as sulfide, ammonia and Fe(II) with molecular 
oxygen (Fennel et al., 2005). These processes produce oxidized species such as sulfate, 
Fe(III), nitrite and nitrate, which can also be considered photosynthetic derivatives, 
because they form abundantly only in oxic conditions (Falkowski and Godfrey, 2008). 
Oxidized species can then function as electron acceptors for anaerobic metabolisms, 
which would have also been stimulated after the rise of oxygenic photosynthesis. 
Although the inorganic redox reactions mentioned above that utilize photosynthetically-
derived substrates also occur in aqueous environments on the Earth’s surface, subsurface 
organisms that carry out these processes may be phylogenetically-distinct from organisms 
at the surface, or use different pathways, or carry out these processes under physical 
conditions more similar to the early Earth. A fuller understanding of the functional 
diversity represented on Earth will aid in futures studies of how the microbial biosphere 
adapted to progressive oxidation of the atmosphere.  
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1.1.2 Phylogenetic and functional diversity of modern subsurface life 
The readily observable life on the surface of Earth is both dynamic and exquisite, 
but it is only a fraction of life on the planet. The deep and hidden environments of the 
Earth’s subsurface may harbor a majority of its biomass. Potentially habitable subsurface 
environments include a diverse range of settings found within the first few kilometers of 
Earth’s surface where liquid water is present, and so far microbes have been found in all 
subsurface environments in which they have been sought. By extrapolating microbial cell 
counts on unconsolidated terrestrial and marine subsurface sediments, and terrestrial hard 
rock and aquifers down to 4 km, it is estimated that all plant and animal biomass 
observed on the surface is matched pound for pound by microbial biomass, with up to 
90% of microbial biomass on Earth residing in some kind of subsurface habitat (Gold, 
1992; Whitman et al., 1998). Although microscopic cell counts from the first few 
hundred meters were extrapolated to 4 km, experimental evidence confirms active 
microbial life down to at least 1 km in unconsolidated seafloor sediments (Roussel et al., 
2008) and 3.2 km in terrestrial hard rock (Moser et al., 2003). In addition to cell counts, 
techniques such as 16S rRNA gene sequencing and fatty acid analysis have been used to 
catalog the abundance as well as the diversity of subsurface microbes. These molecular 
surveys have been carried out in nearly every type of subsurface environment, including 
in seafloor basalts (Santelli et al., 2008), deep ocean sediments (D'Hondt et al., 2004; 
Parkes et al., 2005; Schippers et al., 2005), deep terrestrial hot springs (Chapelle et al., 
2002) and seafloor hydrothermal vents (Huber et al., 2007; Kelley et al., 2005), as well as 
terrestrial sedimentary rocks and metasediments (Kovacik, 2006; Moser et al., 2003) and 
crystalline basement rock (Pedersen, 1997; Sahl et al., 2008).  
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The results of molecular surveys reveal that subsurface microbes not only 
dominate life on Earth in terms of total biomass, but that subsurface environments 
possess many unique microbial organisms not found in surface environments. Recent 
DNA-based studies of microbes in deep ocean hydrothermal vents and basaltic ocean 
crust detected ~20,000 different 16S rRNA gene sequences (<97% sequence identity), a 
measure akin to species-level diversity (Huber et al., 2007; Santelli et al., 2008). 
Although this diversity is lower than in the most diverse microbial habitats known, soils 
and microbial mats (Ley et al., 2006; Tringe et al., 2005), entirely new types of bacterial 
life are consistently uncovered in subsurface environments that in some cases have not 
been detected in surface settings (Emerson et al., 2007; Sahl et al., 2008; Takai et al., 
2001; Webster et al., 2004). One estimate puts global diversity of microbes at 4 x 106 
unique taxa (comparable to ~3% sequence variation, or “species”) (Curtis et al., 2003), 
and assessment of subsurface habitats is critical if we are to ever come close to compiling 
a full catalog of global microbial biodiversity.  
Studies of life in subsurface environments are dependent on access. In the past 
few decades the opportunity to access terrestrial hard rock subsurface environments has 
increased globally via ties to nuclear disposal facilities or subsurface mining projects. 
Studies conducted in these environments give us an idea of how deep within the Earth 
life penetrates, and the metabolic strategies that organisms in these environments utilize. 
Initial studies documented life at depths of >1000 m in granite, and focused on assessing 
the metabolic capabilities of microbes with carbon uptake experiments. As a 
consequence, mainly heterotrophic organisms that utilized organic carbon as an energy 
source were assessed (Pedersen and Ekendahl, 1990, 1992; Stevens et al., 1993). Because 
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concentrations of organic carbon measured in subsurface fluids in these studies were low, 
many organisms probably utilized metabolisms that did not depend on organic carbon as 
an energy source, and these organisms were not assessed by workers in the early 1990’s. 
More recent studies have benefitted from the development of molecular techniques that 
allow assessment of both the phylogenetic and functional diversity of a microbial 
community based on amplification and sequencing of certain marker genes in DNA 
extracted from environmental samples, such as subsurface fluids. In particular, many 
studies have sequenced of the 16S rRNA gene in DNA extracted from subsurface 
samples to characterize the phylogenetic diversity of natural microbial populations 
(Gihring et al., 2006; Moser et al., 2003; Sahl et al., 2008; Trimarco et al., 2006). Still 
others have paired 16S rRNA assessment with sequencing of genes encoding metabolic 
enzymes to assemble a picture of the functional capabilities of subsurface communities 
(Hirayama et al., 2005; Nunoura et al., 2005) 
Sequencing larger pieces of DNA continues to become easier and cheaper, and 
several new techniques hold promise for simultaneously assessing the phylogenetic and 
functional diversity of subsurface communities. For example, a metagenome, or sequence 
of all DNA present in an environmental sample can simultaneously assess which 
organisms are present in a sample, and the sequences of functional genes that can 
constrain which metabolisms are possible within the microbial community. In low-
diversity samples, it may even be possible to assign functional genes to specific 
organisms. This metagenomic approach was used to characterize a fluid sample from 
nearly 3 km depth where only one type of organism was detectable in the 16S rRNA 
sequences retrieved (Chivian et al., 2008). The metagenomic data revealed that this 
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organism, Ca. Desulforudis audaxviator, possesses the genes for enzymes involved in 
nitrogen and carbon fixation, hinting that this organism is adapted to the low-nutrient 
conditions imposed by isolation from surface biological productivity, and because of its 
ability to fix carbon and nitrogen. The metagenomic data also revealed the presence of 
genes for sulfate reduction, a metabolism that is likely to support Ca. D. audaxviator in 
the subsurface based on the isotopic and geochemical indicators that sulfate reduction is 
occurring in the fluids. 
The combination of phylogenetic and functional characterization of organisms 
with geochemical analysis of subsurface fluids and minerals can be used to infer which 
reactions support life, as was the case with Ca. D. audaxviator. Thermodynamic 
calculations utilizing the concentrations of aqueous species measured in subsurface fluids 
have been used to predict which reactions release energy under subsurface conditions 
(Kieft et al., 2005; Moser et al., 2005). These data, when paired with phylogenetic 
information on the microbial community composition by 16S rRNA sequencing can be 
used to infer what redox reactions are supporting life. Although phylogenetic information 
is not a definitive indicator of functional capabilities of an organism, some possible 
metabolisms can be inferred from what has been observed in closely-related and 
physiologically-characterized isolates. 16S rRNA data can also be paired with isotopic 
measurements. For instance, strong fractionations in sulfide relative to sulfate suggested 
that sulfate reduction was occurring in a sample that also had 16S rRNA sequences 
related to known sulfate-reducing bacteria (Lin et al., 2006b). Use of paired isotopic-
molecular methods such as fluorescent in situ hydridization (FISH) and secondary ion 
mass spectrometry (SIMS) has been used successfully in uncovering novel metabolic 
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processes and functional relationships between microbes in deep-sea sediment (Dekas et 
al., 2009; Orphan et al., 2001), and may be used for the same purpose in the study of 
terrestrial subsurface settings. 
 
1.2 Henderson Mine  
1.2.1 Microbiology of Henderson Mine 
Scientific work to characterize the microbial populations living within Henderson 
fluids and rocks began with a team of Colorado scientists, including myself, working as 
part of a larger group of scientists investigating of the feasibility of developing the 
Henderson Mine as a deep underground science and engineering laboratory (DUSEL). 
Three of the biological science questions defined in the proposal to develop Henderson 
Mine as a DUSEL were: “What fuels the deep biosphere? What are subsurface genomes 
telling us? Is there life in the subsurface as we don’t know it?” (Jung, 2007). We 
addressed these questions with microbiological fieldwork performed in one trip to the 
mine during November 2005 and two trips during March 2006. During that time, samples 
were collected from boreholes that were drilled in March 2005. The boreholes were 
drilled approximately horizontally into mine tunnel walls at the 7150’ and 7025’ levels of 
the mine (Fig. 1.1). The 7025’ level is the “drain level” where fluids released at depth 
from boreholes are pumped out of the mine in order to keep mining operations dry. The 
boreholes intersect fracture systems within the rock where deep-seated fluids are 
circulating. During fieldwork I assisted in collecting and preparing borehole fluids for 
geochemical analysis and also collecting and analyzing mineral samples precipitating 
around the boreholes. Radiogenic and stable isotopic measurements (14C ,δ13C, δ2H, δ18O 
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and tritium content) were also made to determine the age and origin of the fluids, and the 
combined geochemical data set was used to ask the question of what geochemical energy 
sources fuel the deep biosphere. Another set of experiments included extraction of DNA 
and lipids from fluids, which were used to characterize the microbial community via 16S 
rRNA gene sequencing and analysis of the composition of fatty acids specific to certain 
classes of organisms. These analyses sought to address what type of microbial life lives 
in the Henderson subsurface. The results of this initial work were published in 2008 (Sahl 
et al., 2008), and are the basis of knowledge about the Henderson microbial community 
on which many of the experiments in this dissertation are built, and the results 
interpreted. 
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Fig. 1.1 Schematic drawing of the Henderson orebody, existing mine tunnels and the 
proposed science facilities. Samples in this dissertation were collected from the boreholes 
at the 7025’ and 7150’ levels (Image modified from Jung, 2007). 
 
The fluid chemistry of the Henderson boreholes exhibited large variations in 
dissolved constituents over short spatial scales. In particular, several boreholes appeared 
to be strongly influenced by water-rock interaction because they contained high loads of 
dissolved metals and sulfate (micromolar to millimolar concentrations). The remaining 
boreholes exhibited fluid compositions that indicated mixing between rock-reacted fluids 
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and a more dilute source of water. This water was determined to be meteoric based on its 
δ2H and δ18O composition (Sahl et al., 2008). The heterogeneity in borehole fluid 
composition likely influenced the finding of variation in the 16S rRNA gene sequences 
detected in each borehole fluid. For instance, particular organisms were present in fluids 
with high solute and metal loads, but absent in more dilute fluids. The borehole fluids 
were also “reset” to presumably anoxic conditions that would approximate conditions 
deeper in the host rock by insertion of packing devices into the mouths of the boreholes. 
In response, the microbial community composition of the plugged, anoxic fluids shifted 
to be dominated by the “Henderson candidate division”, a class of bacteria that 
represented a novel phylum (the next phylogenetic distinction after the three domains of 
life: bacteria, archaea and eukarya). 
The fluid chemistry analyses also contributed to the overall picture of the 
Henderson setting as being rich in reduced metals while limited in certain nutrients. For 
instance, organic carbon was nearly absent from the borehole fluids, but inorganic carbon 
was high (~30 mM), pointing to the likely importance of autotrophic metabolisms. 
Phosphate (PO43-) was below detection, and phosphate limitation may be responsible for 
holding microbial numbers in check. Nitrogen was detected in several redox states, 
signaling not only that it was not a limiting nutrient, but that nitrification and/or 
denitrification may sustain the energetic needs of the microbial community. These 
preliminary findings initiated my own questions about the interrelatedness of the primary 
and secondary mineralogy of the system to the geochemistry of the fluids and the 
abundance, diversity and activity of the microbial community.  
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1.2.2 Geological setting 
 Henderson Mine is an active molybdenum (Mo) mine in Colorado, situated in the 
Dailey-Jones Pass mining district of the Colorado Mineral Belt (Fig. 1.2). Epithermal 
(surface) deposits of Mo were first mined on Red Mountain at the Urad Mine beginning 
in 1914, and after intermittent production this deposit was mined out by the mid-1970’s 
(Wallace et al., 1978). In 1964, the Henderson orebody was discovered, lying between 
3,000 and 4,000 feet below Red Mountain. It was named for the late vice-president of 
western operations of the Climax Molybdenum Company, Robert Henderson. The 
Henderson deposit is currently operated by Freeport-McMoRan Copper & Gold, Inc. 
 
 
Fig. 1.2. Map of the Dailey-Jones Pass mining district, its location in Colorado, and a 
north-looking cross section through Red Mountain, showing the intrusive centers 
(H=Henderson, S=Seriate, V=Vasquez) (Seedorff and Einaudi, 2004a). 
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The Henderson orebody is an Oligocene-aged porphyry molybdenum deposit 
formed within the Precambrian-aged Idaho Springs-Ralston shear zone. The area consists 
of metasedimentary gneisses intruded by the Precambrian Boulder Creek Granodiorite 
and Silver Plume Granite (Tweto and Sims, 1963). The Henderson orebody was 
emplaced with the Oligocene Primos Porphyry and Henderson granite, which are hosted 
within the Urad Porphyry, which in turn intruded into the Precambrian Silver Plume 
Granite (Carten et al., 1988). Henderson is a “Climax”-type Mo deposit of mid-Tertiary 
age that is characterized by disseminated veining and stockwork mineralization 
associated with the granite porphyries. Farmer and DePaolo (1984) found that the εNd 
values of porphyritic granite at Henderson are indistinguishable from that of the felsic 
crust, and the values are lower than mantle-derived magma. This study also found that εSr 
of the deposit is much lower than that of the Silver Plume granites, but higher than 
mantle-derived magmas. Identical Pb isotopic composition in successive Henderson 
intrusions indicate that the source of Henderson rocks were not derived from the upper 
crust (i.e. Silver Plume granite; Stein and Hannah, 1985). When combined, the εNd and εSr 
and Pb measures support Henderson granite sourcing from mid-Proterozoic, mid- or 
lower-crustal source rocks. 
The origin of Henderson granite from mid- to lower crust is generally in 
agreement with the origin of metals to the system. The Nd data of Farmer and DePaolo 
(1984) do not support a mantle origin for granite or for Mo, and the sulfur and oxygen 
isotopic data of Stein and Hannah (1985) show that the ore is derived from the magma 
and not hydrothermal interaction with the wall rock. Thus, magmatic fluids introduced 
metals including Mo, W, Pb, Zn and Mn that were likely derived from the mid- to lower-
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crustal source. Overprinted on intrusive events within the orebody are zones of high and 
low temperature hydrothermal alteration (Wallace et al., 1978). Fluid inclusion studies of 
the alteration assemblages record unusually high salinity values that support alteration by 
a cooling magmatic fluid and not dilution by meteoric water (Seedorff and Einaudi, 
2004b), corroborating the finding of Stein and Hannah (1985). Of particular interest to 
this dissertation are the assemblages that contain Fe and Mn, which are potential energy 
sources for the microbial community, and those that contain biotite micas, which can 
contain NH4+ that provides both a nutrient and energy source to microbes. Manganese 
(Mn) is found in the low-temperature mineral assemblages in minerals such as garnet and 
rhodocrosite, and minor Mn occurs in micas. Iron (Fe) was leached and redeposited in 
lower-temperature assemblages as magnetite and pyrite. These lower temperature 
assemblages generally surround the ore-bearing stocks. Biotites generally occur in the 
higher-temperature assemblages that co-occur with the ore-bearing stocks (Seedorff and 
Einaudi, 2004a). 
 
1.3 Research objectives 
My aim in writing this dissertation is ultimately to understand what energy and 
nutrient sources sustain microbial life living in fluids flowing through pore spaces and 
fractures in the granite-hosted Henderson Molybdenum Mine. My work builds on the 
molecular, microbiological and geochemical approaches used to characterize other deep 
subsurface environments, specifically through assessment of the fluid chemistry and 
mineralogy, the culturing of organisms that are present in the environment, 
characterization of their geochemical activity in the environment by physiological 
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studies, and utilization of molecular approaches to assess the physiological roles of 
uncultivated organisms residing in Henderson fluids. I define three objectives that build 
on the initial characterization of the microbial life at Henderson Mine (Sahl et al., 2008): 
 
1. To link laboratory-based culturing and physiological characterization of 
subsurface microorganisms to the metabolisms predicted by geochemical characterization 
of energy sources available in the fluids. To this end, extensive culturing studies were 
undertaken in which geochemical data of fluids and minerals was used to inform possible 
metabolisms and the conditions imposed during culturing. Isolates that represented 
organisms with a dominant presence in the subsurface based on 16S rRNA gene studies 
were prioritized for physiological characterization. 
2. To address the origin of nutrients circulating in subsurface fluids, particularly 
nitrogen. Surprisingly, nitrogen is not a limiting nutrient to subsurface life in Henderson 
based on the sub-millimolar quantities of NH4+, NO2- and NO3- detected in the fluids. I 
evaluated whether the breakdown of biotite could supply NH4+, and focused molecular 
studies on the amplification of the nifH gene to address whether nitrogen as ammonium 
(NH4+) was supplied by a microbial community able to convert N2 gas to NH4+ via 
nitrogen fixation.  
3. To identify and characterize the extent to which subsurface microbes utilize 
geochemical energy sources available at Henderson. Studies using pure cultures of 
Henderson isolates were designed to determine if organisms mediated the oxidation of 
Fe(II) and Mn(II). In addition, a molecular approach was used to assess the potential for 
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the microbial community to mediate the oxidation of energy sources such as NH4+ and 
NO2- present in subsurface waters.  
  
1.4 Analytical Approach 
In my dissertation I use a number of analytical approaches to ascertain the 
microbiological and geochemical parameters of fluid and mineral samples from 
Henderson Mine. There is a suite of tools available from the field of molecular biology 
that forms the basis of DNA-based studies in environmental microbiology. I also utilize 
thermodynamic calculations to analyze the energy sources that are available to subsurface 
life at Henderson, and the theoretical background is described. In situ analyses of 
aqueous components from experiments designed to simulate anoxic-oxic interfaces where 
Henderson borehole fluid drained were analyzed using voltammetric techniques. X-ray 
spectroscopic techniques were used to characterize the speciation (i.e. oxidation state and 
local coordination) of mineralogical samples from Henderson and from laboratory 
experiments. 
 
1.4.1 Molecular Biology  
1.4.1.1 Polymerase Chain Reaction (PCR) 
Many environmental studies of microbial abundance, phylogeny and activity take 
advantage of recent advances in molecular biology, particularly the ever-expanding 
ability to acquire and interpret DNA sequence data. The primary tool used here is 
Polymerase Chain Reaction (PCR), whereby one can make many copies of specific genes 
encoded by environmental DNA and then acquire the sequence of nucleotides that 
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encodes for genes. This approach has proven its utility in surveying the diversity of 
organisms present in the natural environment, simply because most environmental 
organisms are not amenable to laboratory culture, and because descriptions of common 
phenotypes do not define a true phylogeny of how one microbe is related to another 
(Pace, 1997). 
In this dissertation, I use PCR on DNA extracted from both pure cultures and 
environmental samples or enrichment cultures (template DNA). Shown in Fig. 1.3, a 
piece of double-stranded template DNA is heated to >90°C, which separates the two 
strands (denaturation). Next, the temperature is lowered (50-60°C) to promote annealing 
of single-stranded template with short strands of DNA called primers, usually ~20 base 
pairs, that have a complementary sequence to a part of the gene of interest. Next, the 
temperature is raised (~72°C) to promote the activity of the enzyme DNA polymerase in 
the extension step. This is a special DNA polymerase (Taq) that was isolated from a high 
temperature organism (Thermus aquaticus), and as such it can withstand elevated 
temperatures that denature most enzymes, and maintain its activity through all PCR 
cycles. This enzyme clamps to the hanging end of the primer and adds new bases from 
that end, and these bases are complementary to the original sequence. The cycle is 
repeated ~30 times, with a geometric (2, 4, 8, etc.) increase in the target sequence each 
cycle.  
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Fig. 1.3 (previous page) The PCR reaction consists of three steps: denaturation or 
separation of target double-stranded DNA; annealing of the primers to the gene of 
interest; extension of the complementary gene sequence from the primer end using DNA 
polymerase. The result is amplification of the target sequence, which can be used for 
direct sequencing, or cloning and sequencing (Image: http://scienceblogs.com) 
 
1.4.1.2 Cloning 
For a gene that is PCR-amplified from DNA of a pure culture sample, the product 
can be cleaned and directly sequenced. For environmental DNA, the amplified product 
will contain copies of genes from different organisms, with slightly different sequences. 
It is necessary to separate these before sequencing. To do this, the PCR product is mixed 
with a vector, or a small length of DNA that has two sticky ends. Each sticky vector 
attaches to both ends of one piece of amplified DNA to make a piece of circular DNA. 
Escherichia coli cells are treated to have leaky outer membranes, and these cells take up a 
single vector each. The E. coli are then spread on a solid media plate, so that cells are 
separated. The vector carries genes for antibiotic resistance so that only cells that took up 
the vector will grow on the solid media, which contains the antibiotic. A single cell grows 
overnight into many copies of itself, i.e. a colony, and also many copies of the vector. 
This clonal colony is then subjected to PCR again, with primers that target and copy the 
sequence of the inserted gene. This time, all copies are identical. 
 
1.4.1.3 Sanger Sequencing 
The sequencing used in this study is referred to as Sanger sequencing. DNA is 
amplified in four different PCR reactions, each which contain one set of nucleotides, A, 
C, G or T with an attached fluorescent tag and a chemical modification that stops 
sequence extension (Fig. 1.4). A new copy of the gene of interest is built, and the 
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fluorescent nucleotides are incorporated on some copies, terminating extension 
prematurely. However, each strand will terminate extension at a different nucleotide, so 
that each reaction has strands of different lengths, terminating with the tagged nucleotide. 
All four reactions are separated by size with gel electrophoresis. The sequence can then 
be read by the specific fluorescence of each tagged nucleotide. Specific primers target 
different parts of the gene of interest for sequencing, and redundancy in the sequences 
acquired by these different primers allows the sequences to be assembled into the entire 
sequence of a gene. 
 
 
	   24 
 
Fig. 1.4 Sanger sequencing amplifies a template of interest with fluorescently labeled 
nucleotides that also terminate strand growth. At the end of the reaction, there should be a 
strand terminating in a fluorescent nucleotide that corresponds to every nucleotide in the 
original sequence. These products are then separated by size using gel electrophoresis 
and the fluorescence signal gives the sequence. (Image: http://www.scq.ubc.ca) 
 
 
1.4.2 Thermodynamic calculations 
All life on Earth utilizes oxidation-reduction (redox) reactions for energy 
conservation in metabolism. An example is oxidation of organic carbon (an electron 
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donor, represented as glucose, C6H12O6) with O2 (an electron acceptor), which is the 
reaction humans use to harvest energy from food: 
C6H12O6 + 6O2 à 6CO2 + 6H2O          (1.1) 
Microbes are much more diverse in the variety of electron donors and acceptors they can 
utilize, namely because they possess enzymes and cofactors that can transfer electrons to 
and from numerous substrates, including geological materials. However, pinpointing 
which metabolism an environmental organism uses is difficult for several reasons. The 
first is that while the list of redox reactions that are microbially-mediated is long, there 
are likely more reactions that support microbes energetic needs than are yet accounted 
for. There are also metabolisms that geochemists infer occur based on the disappearance 
of potential substrates and products in the natural environment, but which have not been 
directly demonstrated in any organisms (i.e. ammonium or nitrite oxidation using Mn-
oxides, Bartlett et al., 2008; Mortimer et al., 2004). Furthermore, many organisms 
detected in an environment by amplification of the phylogenetic marker gene 16S rRNA 
may or may not possess the same metabolic genes as closely-related organisms. So, 
making metabolic inferences about general classes of related organisms based on a 
cultured representative is tricky business. Finally, even if the entire genome of an 
environmental organism is known, there may be metabolic genes present that have not 
yet been identified and therefore are not recognized for their actual role in metabolism. 
One long-held idea in microbiology was summarized by Dutch microbiologist 
Martinus Beijernick who said, “Everything is everywhere, but the environment selects,” 
meaning that microbes inhabit their physical environments because they are adapted to 
live there. While the difficulties of actually establishing what microbes do in their 
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environments have already been discussed, this axiom can be useful in considering 
another approach. If microbes are adapted to their environments, the geochemical 
conditions must be favorable for them to carry forward their redox-based metabolisms, or 
else they would not survive in that setting. Using thermodynamic principles, geochemists 
can predict which redox reactions will yield energy based on the specific conditions of 
pH, temperature and substrate and product concentrations encountered by microbial 
organisms. As most of these parameters can be measured, this approach can be used to 
constrain which metabolic reactions are likely to support life. 
The change in Gibbs energy (ΔG) of a reaction is a measure of the useful energy 
that can be obtained by carrying forward a chemical reaction. A negative Gibbs energy 
signifies that the reaction is favored to proceed in the direction written, and a positive 
value indicates the reverse reaction is favored. Gibbs energy is experimentally 
determined for reactions under standard state conditions (denoted by ΔG°) of 1 atm 
pressure, 25°C, and unit activity concentration of solutes. In the natural environment, 
however, reactions proceed under non-standard state conditions, i.e. the prevailing 
environmental conditions and so a correction is made to determine the Gibbs energy of a 
reaction specific to those conditions: 
ΔG = ΔG° + RT*lnQ,                (1.2) 
where R is the gas constant and Q is the reaction quotient. The reaction quotient is the 
product of the activities of all products in the system divided by activities of all reactants: 
 Q = (γa[A]i*γb[B]j)/( γc[C]k*γd[D]l)          (1.3) 
The concentration of each substrate (i.e. [A]) is molal, and activity coefficient γn is 
determined for each substrate based on the ionic strength of the sample (Shock et al., 
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2010). The stoichiometric coefficient (i, j, k, l, etc.), is determined by the balanced redox 
reaction. For example, in reaction (1.1) above, the stoichiometric coefficients for CO2, 
H2O and O2 would all be 6, and glucose would be 1. Each reaction has an equilibrium 
constant K that is determined from the standard state Gibbs Energy, ΔG° (Faure, 1998): 
 ΔG° = -RT*lnK            (1.4)  
It is because of advances in theoretical geochemistry that it is possible to evaluate the 
energy available from aqueous redox reactions at non-standard state conditions under 
diverse environmental conditions such as those encountered in the terrestrial subsurface 
(i.e. varying temperature, pressure, pH, etc.) (Amend and Shock, 2001; Shock et al., 
2010). This equation is valid over the temperature range of 0-250°C, when compared to 
experimental data of log K for common reactions (Shock and Helgeson, 1988). A revised 
Helgeson-Kirkham-Flowers (HKF) model is used for prediction of standard partial molal 
properties of aqueous ions and electrolytes, i.e. ΔG° (Tanger and Helgeson, 1988), and 
this equation depends on theoretically-determined parameters for the effective radius of 
an ion and permittivity of a solvent that fit experimental data up to 1000°C and 5 kbar 
(Shock et al., 1992). 
The equilibrium constant can be combined with the reaction quotient to determine 
the affinity, A, of the reaction, which considers the favorability of a reaction in relation to 
how far it is from equilibrium: 
 A = RT*ln(K/Q) (Shock et al., 2010)          (1.5) 
A positive value for affinity indicates that the forward reaction would yield energy usable 
in ATP production if carried forward in this environment, whereas a negative value 
indicates that the reverse reaction is favored.  In this dissertation, the prevailing 
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environmental concentrations of chemical species involved in documented or 
hypothesized metabolisms relevant to the Henderson environment are used to calculate 
the affinity of each proposed reaction in order make predictions about which redox 
reactions could support life in the subsurface. 
 
1.4.3 Voltammetry 
One difficulty frequently encountered by geochemists is that many measurements 
of environmental substrates utilized in microbial metabolisms do not account for element 
speciation (i.e. total Fe vs. Fe(II), Fe(III) or Fe-complexes or minerals), but the speciation 
of the element is very important to the thermodynamics of metabolic reactions. Also, the 
act of making a measurement may alter the speciation of a substrate so that the in situ 
activity cannot be quantified. Another problem is that bulk measurements do not capture 
the spatial variation that often characterizes microbial systems. One way to overcome 
these challenges is to make in situ measurements with an instrument that can detect 
redox-active compounds and discern between different species of a substrate while 
capturing this information with high spatial resolution. As accurate measurements of Fe, 
Mn and S species have been particularly challenging to geochemists, the development of 
a technique that could meet all these requirements and for these species was very 
promising. 
Hanging drop mercury electrodes have been used for years in polarography to 
detect species that are electroactive in the current range of about -0.1 to -2 V (Buffle and 
Tercier-Waeber, 2000), including Fe, Mn and S. However, because mercury in this 
electrode was not immobilized, this type of electrode could not be used in natural aquatic 
environments for fear of contamination. The development of the solid-state Hg amalgam 
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electrode, in which Hg is amalgamated to an Au electrode facilitated the use of Hg 
voltammetry in diverse environments (Brendel and Luther, 1995). The use of special 
plastic casings and fine Au wire further enabled the development of a microelectrode 
capable of making measurements with fine special resolution. Not only can this electrode 
detect multiple species in situ on fine spatial scales (i.e. sub-mm), it can also operate 
remotely, collecting data for weeks to months. 
Voltammetry works by changing the potential applied at a working electrode 
while keeping the potential of a reference electrode constant. This shift from an 
equilibrium state results in the polarization of the working electrode. The resulting 
current is related to concentration of analytes in solution by the Ilkovic equation: 
C = i/(I*m2/3*t1/2)            (1.6) 
where C is the concentration of analyte, i the current, or wave height (Meites, 1965). The 
diffusion current I is specific to the analyte, but can vary with prevailing conditions, and 
the potential at which current is observed is also specific to the analyte. The mass flow, 
m, and drop lifetime, t, must both be measured under very stable conditions. Thus to 
determine concentration based on first principles is a difficult proposition. Fortunately, 
concentration can be determined empirically by reducing the Ilkovic equation above to: 
i = k*C             (1.7) 
The current measured is related to the concentration by the proportionality constant k, 
which should remain constant in similar solutions, even as solute concentration changes 
(Meites, 1965). This concept is used to determine the concentration of an electroactive 
species present when a standard curve for the species of interest is made over a range of 
concentrations relevant to the sample, in a similar medium. The standard curve used to 
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calculate Fe(II) concentrations in Chapter 2 (Fig. 1.5) demonstrates the linear relationship 
of Fe(II) concentration vs. resulting current, where the slope is equivalent to the 
proportionality constant. The standard curve does not go through the origin, and this is a 
common phenomenon with voltammetry (Meites, 1965). This likely represents impurities 
of Fe in the reagents for the basal media. However, if the same background solution used 
for the standard curve is used for experiments, which is the case in this dissertation, these 
systematic errors can be ignored. 
 
 
Fig. 1.5 (previous page) Standard curve for Fe(II) used to determine concentrations of 
Fe(II) in experiments based on the proportionality constant (k; slope) that relates 
concentration to current. 
 
 There are several methodologies to vary the potential of the working electrode in 
order to scan through voltages that will elicit current from the species of interest. In this 
dissertation, cyclic voltammetry (CV) is used. CV varies the potential applied to the 
	   31 
working electrode linearly through time. In Fig. 1.6, the CV wave pattern is triangular, 
which induces forward (cathodic) and reverse (anodic) peaks in current due to the 
electroactive species present. A partially reversible reaction has an anodic peak, and truly 
reversible reactions have a separation between anodic and cathodic peaks of 0.0592 
V/electron transferred (Buffle and Tercier-Waeber, 2000). In cyclic voltammetry, the 
current at the half-wave potential, the potential at which the wave reaches half-height, is 
used as the current value in equation 1.9 to determine concentration (Bristow and 
Taillefert, 2008).  
 
 
Fig. 1.6 Potential applied in a CV scan varies linearly with time (A). The result is current 
response in the forward direction (top lines) and in the reverse direction (lower lines) for 
O2 and H2O2 (B) and Fe(II) and Fe(III) species (C). (CV images: 
http://en.wikipedia.org/ and Druschel et al., 2008; Luther III et al., 2008) 
 
1.4.4 X-ray Absorption Spectroscopy (XAS) 
X-ray Spectroscopy (XAS) is a powerful tool for probing the molecular 
coordination environment of many elements of interest in the environmental sciences. 
The absorption of X-rays by matter is not a new concept, but advances in theory and 
instrumentation in the 1970’s allowed for the application of XAS to more diverse 
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materials and problems, including the analysis of complex geological samples (Brown et 
al., 1988). Primarily, the advent of synchrotron radiation enabled the development of 
facilities where the full spectrum of electromagnetic radiation (light) is generated by 
electrons accelerated at the speed of light. Light is then collected and tuned by a 
monochromator so the light transmitted to the sample is of the specific energy needed to 
excite core level electrons from particular elements in a sample. The energy at which 
core-level electrons are excited is specific to the speciation of the element in the sample 
(i.e. oxidation state). The advantage of a synchrotron light source over traditional sources 
of X-rays is that the light is more intense (brilliant) and can be focused into small areas 
(millimeter to micron scale) for microscopic studies, although it is also suitable for bulk 
studies where the average molecular information (i.e. elemental speciation) is desired. 
Many types of samples encountered in environmental sciences can be analyzed using 
XAS (gases, liquids and crystalline or amorphous solids; Brown et al., 1988). In fact, the 
ability to interrogate the structure of non-crystalline materials is one of the advantages of 
XAS over other techniques (Newville, 2004). 
The two types of analysis performed using XAS are X-ray absorption near edge 
structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopy, 
and both are used in this dissertation. In each of these techniques, an element of interest is 
chosen, and the incident X-rays are tuned to an energy that excites K-level (1s) electrons 
out of the atom, i.e. the X-ray is of an energy greater than or equal to the binding energy 
of that electron (Fig. 1.7A). The energy range needed to excite these electrons is 
generally quite narrow, resulting in a distinct “absorption edge” over this range of 
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energies. The incident X-ray is absorbed by the atom so that the intensity of the 
transmitted light, in this case an X-ray, is determined by Beer’s Law: 
I = I0e-µt             (1.8) 
where I0 is the incident X-ray intensity, I the transmitted X-ray intensity, t the sample 
thickness and µ the absorption coefficient for the element of interest (Brown et al., 1988). 
The absorption coefficient is specific to each sample analyzed, but can be calculated 
using the equation: 
 µ = ρ*Z4/A*E3               (1.9) 
where ρ is the sample density, Z the atomic number, A the mass number and E is the X-
ray energy (Newville, 2004). To quantify the X-ray intensity absorbed by a sample, ion 
chambers are placed before and after the sample (Fig. 1.7B). Another property of X-ray 
interaction with atoms is that fluorescence is emitted when a core electron is ejected and 
another bound outer-shell electron fills the vacated core hole. The transition and emitted 
X-ray of a discrete energy (fluorescence) correspond to the electron shells involved (Fig. 
1.5A) can also be used to identify the atom as well as to quantify the concentration of 
atoms in a sample (Newville, 2004).  
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Fig. 1.7 Principles and techniques of XAS. An incident X-ray is absorbed by an atom and 
excites a K-level electron out of the atom, which is then replaced by another electron, and 
that decay gives off a characteristic fluorescence (i.e. Kα) (A). The incident X-ray 
intensity (I0) is measured by an ion chamber prior to interaction with a sample of 
thickness t, and the transmitted intensity I is measured afterward (B). In XANES, an Fe 
atom absorbs X-rays at the energy needed to excite a K-level electron, and a change in 
absorption Δµ0 is proportional to X-ray absorption. The energy at which this absorption 
edge occurs is diagnostic of the redox state or bonding environment of the absorbing 
atom. The EXAFS function arises from the difference between the experimental 
absorption coefficient of an excited atom in contact with other atoms and the theoretical 
absorption coefficient for an atom in isolation (C). (Figure modified from Newville, 
2004) 
 
In XANES, the absorption of X-rays by the sample is recorded as the X-ray 
source is scanned in energy from below to above the absorption edge. In Fig. 1.7, the Δµ0 
is determined by the absorption of X-rays at energy E. This technique is particularly 
suited for redox-active transition metals, because the absorption energy necessary to 
excite core level electrons is diagnostic diagnostic in distinguishing whether a material 
contains Fe(II) or Fe(III) atoms, for instance (Marcus et al., 2008). 
The EXAFS signal arises from interaction of the ejected K-level electron 
(photoelectron) with its surroundings. If the photoelectron were emitted from an atom in 
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isolation, the absorption coefficient would be a smooth function as represented by the 
µ0(E) curve in Fig. 1.5C. However, because the photoelectron interacts with other nearby 
atoms (i.e. scattering), an experimental absorption coefficient µ(E) is observed for natural 
samples (Brown et al., 1988). The difference between the experimental and theoretical 
absorption coefficients divided by the difference in absorption coefficient due to the 
absorption edge gives rise to the EXAFS equation: 
χ(E) = (µ(E) –µ0(E))/Δµ0(E) (Newville, 2004)      (1.10) 
The EXAFS function is generally amplified (χ3) to better observe the oscillations that 
arise from interaction with near-neighbor atoms. The chi function is plotted against the 
wave number of the photoelectron instead of the x-ray energy: 
 k = √[2m(E-E0)/ħ2],          (1.11) 
where m is the mass of the electron and E0 is the absorption energy and ħ is Planck’s 
constant (Newville, 2004). The units of k are 1/distance (Å-1). 
 
1.4.5 FTIR Microscopy 
 The principle of infrared microscopy (IR) is that molecules with an asymmetrical 
distribution of electron density absorb energy of discrete wavelengths in the IR region of 
the spectrum (Housecroft and Sharpe, 2005). The mid-IR region (4000-400 cm-1) is used 
to excite transitions between vibrational states that are diagnostic for certain molecular 
bonds applicable to mineralogical studies, such as Si-O bending and stretching vibrations 
(McMillan and Hofmeister, 1988). FTIR spectroscopy utilizes a Michelson 
interferometer, where the IR light is passed through a beamsplitter and reflected by two 
different mirrors (Fig. 1.8). One mirror is fixed, and the other moving, so that when the 
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light is recombined, interference occurs between the two beams based on a modulation of 
light intensity as a sine function for the moving mirror.  
 
Fig. 1.8 Principles of FTIR spectroscopy. A Michelson interferometer is used to split the 
IR beam and a moveable mirror modulates the frequency of signal (A). The frequency of 
the modulated signal interferes with the fixed signal, creating an interferogram (B). 
(Figures from Simon et al., 2002) 
 
 The intensity of the signal (y-axis in Fig. 1.8B), I(x) is determined by the 
following equation: 
 I(x) = 0.5*I(λ)cos(2πx/λ) (Papineau, 2006),       (1.12) 
where x is the optical path difference between the two split beams and λ is the 
wavelength. The IR signal is collected by a Mercury-Cadmium-Telluride detector (MCT-
A). When the light is transmitted through a sample, this intensity pattern is modified by 
absorptions in the sample (McMillan and Hofmeister, 1988). Usually, a number of scans 
is collected to make the resulting sample spectrum, which is generated by a reverse 
Fourier transform. One cycle of the moving mirror is equivalent to one scan. In 
microscopy, the recombined light is passed through a thin sample after focusing. This 
technique is dependent on the sample being thin enough or the beam being strong enough 
to penetrate the thickness of the sample (McMillan and Hofmeister, 1988). 
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1.5 Overview of Chapters 
This dissertation is divided into five chapters, including this introduction and a 
final chapter that synthesizes the major findings and new questions raised by the research. 
The three core chapters describe a series of stand-alone studies. Chapters 2 and 3 are 
detailed studies of specific microbial and geochemical processes occurring in the 
Henderson subsurface. Chapter 4 is a broader survey of all geochemical processes that 
can support life at Henderson, and integrates findings from Chapters 2 and 3. Although 
Chapter 4 provides a greater overview of the geomicrobiology of Henderson Mine, it is 
best read after the detailed studies, which give context the findings in Chapter 4. 
 In Chapter 2 I sought to determine whether the Ralstonia species that dominated 
metal-rich subsurface fluids in DNA-based surveys were capable of growth coupled to 
Fe-oxidation under circumneutral pH and low-O2 conditions. This study was also an 
opportunity to investigate whether or not a putative Fe-oxidizing isolate, Ralstonia 
HM08-01, exerted control over the mineralogical composition of the Fe-oxides formed 
during growth. The findings have implications for the ecology of Fe-oxidizing microbes, 
and the nature of Fe-oxides produced via Fe-oxidation in metal- and solute-rich 
subsurface fluids. 
Chapter 3 explores the origin of fixed nitrogen to subsurface life, specifically 
whether ammonium in the fluids is sourced geologically or biologically via nitrogen 
fixation. Based on predictions of nitrification (i.e. ammonium and nitrite oxidation) being 
thermodynamically-favorable redox reactions in Henderson fluid, I also investigated 
whether the microbial community was capable of oxidizing fixed nitrogen as an energy 
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source by amplifying functional genes from DNA extracted from fluids containing 
abundant NH4+, NO2- and NO3-.   
Chapter 4 addresses the objective of linking laboratory-based culturing and 
physiological characterization of subsurface microorganisms to the relevant microbes and 
metabolisms predicted by geochemical characterization of energy sources available in the 
fluids. To this end, the culturing, isolation and physiological characterization of microbes 
from Henderson Mine minerals and fluids is described. The metabolic capabilities of the 
new isolates and organisms detected in enrichment cultures are compared to the 
predictions of thermodynamically-favorable redox reactions in Henderson fluids to infer 
which types of metabolisms are active in situ. Both of the studies in Chapters 2 and 3 
reflect the relevance of geochemical predictions in facilitating environmental 
microbiological studies, since both nitrification and Fe-oxidation were predicted to be 
important to the energetic reactions supporting the subsurface community at Henderson 
Mine. Lastly, Chapter 5 highlights the major findings and implications from this 
dissertation, as well as the limitations of the studies performed and ideas for future 
research directions. 
 
1.6 Publications derived from the text 
Chapter 2 was recently published with the same text and figures: 
Swanner, E.D., Nell, R.M. and A.S. Templeton. Ralstonia species mediate Fe-oxidation 
in circumneutral, metal-rich subsurface fluids of Henderson Mine, Co. (2011) 
Chemical Geology, 284 339-350. 
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The study presented in Chapter 3 is currently in preparation for submission to a 
special Deep Subsurface Microbiology issue of Frontiers in Extreme Microbiology: 
Swanner, E.D. and A.S. Templeton. Biological nitrogen fixation supports archaeal and 
bacterial nitrification in the deep terrestrial subsurface, Henderson Mine, CO.  
 
Parts of the work presented in Chapter 4 contributed to the following publications: 
Benardini, J.N. III, Vaishampayan, P.A., Schwendner, P., Swanner, E., Youhei, F., 
Osman, S., Satomi, M., Venkateswaran, K. (2010) Paenibacillus phoenicis sp. 
nov., a spore-forming bacterium isolated from the Phoenix Lander assembly 
facility. International Journal of Systematic and Evolutionary Microbiology, 
doi:10.1099/ijs.0.021428-0 
 
Mayhew, L.M., Swanner, E.D., Martin, A.P. and A.S. Templeton. (2008) Phylogenetic 
relationships and functional genes: distribution of a gene (mnxG) encoding a 
putative manganese-oxidizing enzyme in Bacillus species. Applied and 
Environmental Microbiology, 74 7265-7271. 
 
Sahl, J.W., Schmidt, R., Swanner, E.D., Mandernack, K.W., Templeton, A.S., Kieft, T.L., 
Smith, R.L., Sanford, W.E., Callaghan, R.L., Mitton, J.B. and J.R. Spear. (2008) 
Subsurface microbial diversity in deep-granitic-fracture water in Colorado. 
Applied and Environmental Microbiology, 74 143-152. 
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Chapter 2 
RALSTONIA SPECIES MEDIATE FE-OXIDATION IN CIRCUMNEUTRAL, 
METAL-RICH SUBSURFACE FLUIDS OF HENDERSON MINE, CO 
 
2.1 Abstract 
Deep subsurface oxic/anoxic interfaces within Henderson Mine, CO were 
investigated for the potential to support novel metal-oxidizing microorganisms. Ralstonia 
sp. were isolated from Fe-oxidizing enrichments inoculated with fracture fluids released 
through boreholes as well as Fe-oxides mineralizing around the mouths of the boreholes. 
16S rRNA clone libraries of environmental DNA revealed that closely related Ralstonia 
sp. were numerically-dominant in metal-rich subsurface fluids. FeCO3 (siderite) gradient 
tubes were then utilized to demonstrate that isolate Ralstonia HM08-01 grows by 
oxidizing Fe(II) with O2 at circumneutral pH. These results and the geochemical data 
from the borehole fluids implicate Fe-oxidation as a viable subsurface lifestyle. The 
differential development of Fe-oxide bands in biotic vs. abiotic gradient tubes suggests 
that Ralstonia HM08-01 exerts spatial control over Fe oxidation and precipitation. 
Geochemical profiles of Fe(II), Fe(III) and O2 taken through the gradient tubes with 
voltammetric microelectrodes reveal that despite visual differences, similar total 
concentrations and distributions of aqueous Fe species were present in both systems. 
Extended x-ray absorption fine structure (EXAFS) spectroscopy was used to characterize 
the mineralogy of the Fe-oxides produced in biotic vs. abiotic experiments. 2L-
ferrihydrite dominated the mineral fits in both systems, and SEM revealed the ferrihydrite 
particles to be 50-100 nm in diameter. This mineralogical identification combined with 
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the detection of an abundant electroactive Fe(III) species are used to infer that 2L-
ferrihydrite is a long-term stabilized colloidal species. The mechanism for stabilization of 
this phase is the presence of PO43- and Si in growth experiments. In the Henderson fluids, 
PO43- is below detection, but Si is at micromolar concentrations and likely influences the 
formation of potentially colloidal Fe-oxides in the environment. 
 
2.2 Introduction 
The existence of a subsurface biosphere within terrestrial hard rock systems is 
now well established (Kieft et al., 2005; Pedersen, 1997; Pedersen, 2000). While studies 
of these environments reveal low cell numbers, when integrated over all similar habitats 
their contribution to Earth’s biomass and biogeochemical cycles is likely to be significant 
(Whitman et al., 1998). Though recent studies emphasize the importance of H2 as the 
ultimate energy source in the gold mines of South Africa (Lin et al., 2006b), the energy 
sources that support subsurface life are likely to be determined by the specific lithology 
and degree of communication with surface oxidants (i.e. O2, NO3-). In many 
hydrothermal sulfide deposits, there is an abundance of reduced metals and sulfur 
available as energy sources for microbial communities sustained by water-rock 
interaction. Evidence for utilization of Fe in particular exists in the abundant microbial 
diversity in biological iron oxides (BIOS) at Äspo Hard Rock Laboratory in Sweden 
(Anderson et al., 2006). While Fe-oxidizing bacteria (FeOB) are abundant in surface 
environments (Emerson et al., 2010) and acid mine drainage sites (Baker and Banfield, 
2003), those living in subsurface mines under neutrophilic conditions have received little 
attention. Under these conditions, the microbial community must be able to tolerate high 
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levels of other toxic metals while competing with rapid rates of abiotic metal-oxidation 
and hydrolysis that could suppress chemosynthetic metabolisms. Thus, mines can be 
targeted for the isolation of novel subsurface metabolisms such as Fe-oxidation, as well 
as novel metal-resistant and metal-oxidizing organisms. 
Henderson Mine, CO is an active molybdenum mine where subsurface fluids rich 
in metals (i.e. Fe, Mn, Zn, Sr) circulate through the granite-hosted orebody. Due to 
abundant dissolved inorganic carbon (DIC; ~30 mM), the fluids are buffered to pH ~6. 
This circumneutral pH is maintained despite sulfide oxidation and sulfuric acid 
production. Fluids are released through boreholes at the lowest levels of the mine (7025’ 
above sea level; ~3000’ below the surface) and extensive mineral mats (Fe and Mn-
oxides, Ca-sulfates and quartz) continuously precipitate around the mouths of the 
boreholes. Water chemistry analyses of several borehole and fracture fluids indicate there 
is extensive subsurface fluid mixing between metal and sulfate rich brines and meteoric 
waters (Sahl et al., 2008).  
16S rRNA clones of DNA extracted from the most dilute fluids are related to 
known neutrophilic FeOB (i.e. Gallionella, Leptothrix, Siderooxidans) (Sahl et al., 2008). 
However, these clones are nearly absent in fluids that have higher concentrations of 
metals. These fluids are instead dominated by sequences belonging to the Ralstonia 
genus. Although there are no previously described Fe-oxidizing Ralstonia isolates, 
closely related sequences have been detected in surface and subsurface Fe-oxidizing 
environments (Bruun et al., 2010; Trimarco et al., 2006). If these bacteria can derive 
energy from Fe-oxidation it would be a previously unrecognized metabolism for 
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Ralstonia sp., as well as the first demonstrated example of Fe-oxidation supporting life in 
the terrestrial subsurface. 
Bacteriogenic Fe-oxides interact with metal-rich mining water, and characterizing 
the mineral products of subsurface FeOB will aid in understanding metal sorption and 
biomineralization processes. For instance, Fe-oxidation in the presence of bacteria results 
in the formation of high surface area bacteriogenic Fe-oxides (BIOS) associated with 
bacterial organic matter, which are very reactive in the environment (Ferris et al., 1999; 
Martinez et al., 2003). At Henderson Mine, the Fe-oxides may also incorporate metals 
into their mineral structure or sorb them at surface sites, as is seen in iron oxides studied 
in other subsurface sites (Hochella Jr et al., 1999). Other inorganic ligands (e.g. H3SiO4-, 
HPO42-, HCO3-) that are present in the environment also exert a strong control over the 
mineralogy of Fe-oxides. Generally, inorganic ligands promote formation of smaller and 
less-crystalline Fe-oxides (Toner et al., 2009b; Voegelin et al., 2010). FeOB tend to 
precipitate amorphous Fe-oxides (Larese-Casanova et al., 2010), although FeOB that 
synthesize organic stalks appear to template formation of specific minerals (Chan et al., 
2004). Nevertheless, FeOB can exert both spatial and temporal control over Fe-oxidation, 
particularly in the interface between anoxic and oxic conditions (Druschel et al., 2008; 
Rentz et al., 2007; Sobolev and Roden, 2001). Thus, FeOB can control where and when 
reactive Fe-oxides form, which can have a profound effect on sequestration of metals in 
mining fluids. 
 
2.2.1 Intentions of the current study 
	   44 
Our goal was to determine whether the interface between metal rich subsurface 
fluids and oxygenated tunnels was a habitat that could support novel neutrophilic FeOB. 
To this end, Fe-oxidizing enrichments were used to isolate a subsurface organism that 
was then assessed for an Fe-oxidizing metabolism. To determine the ultimate effect of 
this organism on Fe-oxidation, we compared the formation of Fe-oxides precipitated in 
abiotic vs. biotic FeCO3 gradient tubes. Synchrotron-based spectroscopic characterization 
of the Fe-oxides coupled with electron microscopy was used to determine the 
composition, short-range order and size of the precipitates. Voltammetric profiles were 
utilized to determine the abundance and distribution of electroactive Fe species and 
concentrations of O2 in the gradient tubes, which complemented the mineralogical 
information.  
 
2.3 Methods 
2.3.1 Field Sampling 
Samples were accessed from the 7025’ level (elevation above sea level) during 
two trips in March 2006. While the site and sampling procedure has been previously 
described (Sahl et al., 2008), a brief summary is provided here. Samples were collected 
from and around previously drilled boreholes, which drained fluids away from the 
overlying orebody and mining operations. The ~40°C fluids were degassing CO2 as they 
discharged, buffering the fluid pH to ~6. Borehole fluids were collected for chemical 
analyses and for microbial cultivation experiments both before and after sterile packing 
devices were inserted into the boreholes. The packers served to eliminate air from mixing 
with borehole fluids and better approximate the fluid chemistry of waters deeper in the 
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fracture system. The borehole fluid chemistry has been published (Sahl et al., 2008), but 
SO42- ranged from 4-10 mM, Zn 30-150 µM and Fe 10-130 µM in the boreholes sampled 
in this study. Extensive mineral mats of primarily Fe-oxides, CaSO4 and quartz were 
observed around the mouths of the boreholes, and these were collected for mineralogical 
analysis and microbial cultivation experiments. All fluid and mineral samples for 
cultivation and chemical analysis were collected in sterile containers and transported on 
ice (<10°C) until inoculation within 12 hours. 
 
2.3.2 Isolation of Fe-oxidizing bacteria  
Fluid and mineral samples to enrich for Fe-oxidizing microbes were inoculated 
into cultures made from a media designed to simulate the chemistry of the borehole 
fluids. “H” media contained 25 µM H4SiO4, 1 mM MgSO4, 300 µM CaSO4, 10 µM 
SrCl2, 20 mM NaHCO3, 100 µM (NH4)2SO4 and 100 µM K2HPO4 and 1 ml/L trace 
element solution. Trace element solution contained per liter: 10 mg CuSO4, 44 mg 
ZnSO4, 20 mg CoCl2 and 12 mg Na2MoO4. Ultrapure chemicals were used where 
possible. Initial enrichments were made by inoculating 10-2 dilutions of borehole water or 
minerals into gradient tubes made with an FeS or Fe0 plug in the bottom of the tube, and 
an overlay of “H” media and agarose bubbled with N2/CO2 (80:20) for 15 minutes (Fig. 
2.1a; Emerson and Moyer, 1997). Fe-oxide bands were allowed to develop for weeks to 
months at 40°C before approximately 1% of the band was extracted and inoculated into a 
fresh tube. After 7 to 8 transfers, isolations were accomplished by plating dilutions of 
gradient enrichments onto modified PYG media plates (Emerson et al., 1989), incubating 
at 40ºC overnight, and streaking the colonies repeatedly until they appeared pure. 
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Modified PYG medium contained per liter: 0.5 g yeast extract, 70 mg CaCl2, 205 mg 
MgSO4, and 15 g granulated agar for plates. After autoclaving, the following additions 
were added: 5 mM glucose, 0.5 g/L casamino acids, 10 mM HEPES buffer at pH 7.5, 100 
µM MnCl2, 3.7 µM FeCl3 and 1 ml/L trace element solution (above). 
 
Fig. 2.1 FeCO3 gradient tubes used in experiments. A. The composition of gradient tubes 
used in growth experiments showing the depths of sampling. B. Time progression of 
band development between abiotic and biotic experiments. 
 
 In order to sequence the 16S rRNA gene, each isolate was grown in liquid 
modified PYG medium overnight to log phase and centrifuged to collect a cell pellet. 
DNA was extracted using a Qiagen DNEasy kit. DNA was amplified by PCR using 
bacterial primers 27F (5’AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-
TACCTTGTTACGACTT-3’) for the 16S rRNA gene. PCR parameters were 95°C for 3 
minutes, followed by 35 cycles of 95°C for 30s, 50°C for 30s and 72°C for 60s, and an 
extension step at 72°C for 7 min. DNA was sequenced commercially by Seqwright 
(Houston, TX) using primers 27F and 1492R, as well as internal bacterial primers. The 
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sequence data was assembled using Sequencher 4.7. and compared to the BLAST 
database (Altschul et al., 1990). Sequences from two of the five gradient tube isolates 
(Ralstonia HM08-01 and HM08-02) were submitted to NCBI/GenBank under accession 
numbers GQ505030 and GQ505031. The 16S sequence of Ralstonia HM08-01 was 
aligned using the NAST feature of the Greengenes database (DeSantis et al., 2006) with 
sequences downloaded from the NCBI database. A maximum likelihood phylogenetic 
tree (Fig. 2.2) was constructed using RAxML and the best-scoring tree was selected 
(Stamatakis et al., 2008).  
 
2.3.3 Growth Experiments with Fe-oxidizing isolates 
All Ralstonia sp. isolates were tested for the ability to oxidize Fe(II) in a 
heterotrophic medium using the “F-plate” assay with “H” media as a base (Sudek et al., 
2009). Isolates were considered to oxidize iron if an oxide crust covered the colonies, 
detectable by eye and spot testing with the xylenol orange reagent (Riedel-de-Haën, 
Austria). Temperature and pH optima were assessed for Ralstonia HM08-01 and HM08-
02 in liquid modified PYG medium. Growth was monitored by absorbance at 600 nm. 
Incubations were shaken at 200 rpm and 40ºC, except for when temperature varied. In pH 
optimum experiments, pH of the media was adjusted with an organic buffer (e.g. MES, 
HEPES) and HCl or NaOH. 
The isolate Ralstonia HM08-01 was chosen for further characterization based on 
its robust growth and Fe-oxidizing capability. Gradient tubes with an FeCO3 plug were 
utilized to establish isolate growth by Fe-oxidation, and for geochemical and 
mineralogical experiments (Fig. 2.1). FeS was not used in the plug in order to exclude S2- 
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as an additional growth substrate. Growth without an Fe source was assessed with 
plugless gradient tubes (no FeCO3). Synthesis of FeCO3 (Hallbeck et al., 1993) was 
modified by substituting FeCl2 in place of Fe(NH4)2(SO4)2 in order to maintain a defined 
NH4+ concentration in the medium. Production of FeCO3 was verified by X-ray 
diffraction (XRD) and synchrotron-based X-ray Absorption Spectroscopy (XAS). In 
order to maintain “slushiness” at 40ºC, the concentration of low-melt agar in the “H” 
media in the overlay was increased to 0.25%. Finally, experiments were conducted at a 
range of NaHCO3 concentrations in the “H” media (2 mM, 5 mM, 10 mM, 20 mM) as 
noted, to buffer the pH of experiments. For all experiments ultrapure water was used 
(Cayman Chemical, Ann Arbor, MI) to ensure no contaminating chemical species, 
including organics, were present in the “H” media. Glassware was acid-washed, ashed at 
500ºC for 3 hours and autoclaved before assembling the gradient tubes. 
Biotic gradient tubes were inoculated with Ralstonia HM08-01 (final 
concentration ~103 cells/ml), first incubated overnight on liquid “H” media under non-
growth conditions (5% filter-sterilized air; no electron donor). Abiotic tubes were 
uninoculated. The inoculum was injected into the gradient tube with a long needle. Cells 
were counted from serial dilutions of gradient tube subsamples grown overnight on 
modified PYG plates. Samples were harvested by collecting all gradient material at 
centimeter depth levels and homogenizing (Fig. 2.1A). Growth experiments were 
duplicated, and plate counts were averages of triplicate measurements. All growth 
experiments were carried out at 40ºC. For CO2-fixation experiments, 14C-labeled 
NaHCO3 was added at 0.1 µCi/ml to the agar overlay of FeCO3 gradient tubes. Tubes 
were buffered with 10 mM NaHCO3 and N2/CO2 bubbling (~15 minutes) to minimize pH 
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decrease and volatilization of the label. This produced an initial pH of ~7 as determined 
with a pH meter in separate preparations. The entire volume of duplicate tubes was 
harvested and homogenized at each time point for both abiotic and biotic incubations. 
Subsamples were acidified to pH <2 with HCl and degassed for 24 hours. Samples were 
read as detections per minute (dpm) on a calibrated Beckman LS 6000TA liquid 
scintillation counter (LSC). Alternately, 14CO2-fixation was assessed in bottle 
experiments made of “H” media bubbled with N2/CO2 to a pH of 7. Duplicate abiotic and 
biotic bottles were fed 400 µm FeCl2 and 1% O2 daily. Samples were taken at discrete 
time points, acidified to pH <2 and Fe was dissolved with ascorbic acid. Samples were 
filtered (0.2 µm) and the filters were washed three times and measured by LSC. 
Corresponding unlabeled sample bottles were plated to assess growth of the isolate under 
identical conditions. 
 
2.3.4 Geochemical Analysis of Fe Distribution in Gradient Tubes 
 Geochemical analyses were made on the biotic and abiotic FeCO3 gradient 
tubes described above. For total Fe analysis 0.5 ml of sample was immediately added to 
hydrochloric acid and hydroxylamine hydrochloride at final concentrations of 0.25 M. 
After reduction of all Fe at 4ºC for >24 hours and reaction with 5% Ferrozine (Stookey, 
1970), Fe(II)(aq) was analyzed in triplicate for each sample at 562 nm. 
 Voltammetric measurements were made with a three-electrode system operated 
by a DLK-100 electrochemical analyzer (Analytical Instrument Systems, Fleming, NJ). 
The working electrode was a glass-encased, 100 µm Au wire amalgamated with Hg 
(Brendel and Luther, 1995). The reference electrode was a solid state Ag wire coated in 
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Ag/AgCl, replated before every experiment. An AIS micromanipulator was used to make 
measurements at millimeter depth increments through the overlay of FeCO3 gradient 
tubes. At each time point (1, 2, 4, 7, 14, 30 days), a single gradient tube was sacrificed 
and profiled. Cyclic voltammetry (CV) was used to detect Fe(II), Fe(III) and O2 from -0.1 
to -2.0 V (vs. Ag/AgCl) at a scan rate of 1000 mV/s. An initial conditioning step of -0.15 
V was held for 5 seconds, followed by 10 seconds of equilibration. The cell was held at -
0.9 V between scans to prevent fouling of the electrode by Fe and organics. 
Voltammograms were integrated using the VOLTINT program for Matlab® (Bristow 
and Taillefert, 2008). Ten scans were collected at each sampling point, and integrations 
from the final three scans were averaged. Fe(II) calibration curves were made by adding a 
stock of Fe(NH4)2(SO4)2 made in an excess of hydroxylamine hydrochloride to degassed 
“H” media at pH 5. Oxygen was calibrated by simultaneously measuring O2 with a YSI 
dissolved oxygen probe (Yellow Springs, OH). Fe(III) cannot currently be calibrated due 
to the variety of Fe(III) species possible and the range of potentials at which they are 
detected (Taillefert et al., 2000). Consequently, Fe(III) species are reported as current 
response (nA). 
 
2.3.5 Microscopy 
 Fluorescence images of Ralstonia HM08-01 in FeCO3 gradient tubes were 
collected by sampling the band and directly staining with Syto9 (Invitrogen, Carlsbad, 
CA). Samples were imaged in fluorescence on a Zeiss Axio Imager Z1 using an 
ApoTome to optically section the field of view. Z-stacks were constructed in the 
AxioVision 4.7 software and merged with DIC images of the same field of view. 
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Scanning Electron Microscopy (SEM) images were collected on anoxically harvested 
gradient tube bands. After digesting the agar, washing the Fe-oxides and fixing the 
precipitates in 2.5% glutaraldeyde, the sample was adhered to a polylysine-coated 
aluminum stub. The mounted samples were dehydrated with an ethanol series and 
critical-point dried (Tousimis Samdri®-PVT-3, Rockville, MD). Stubs were then gold-
coated (~20 nm) and viewed with a JEOL JSM-7401F Field Emission SEM at 4 keV. For 
scanning transmission electron microscopy (STEM in SEM), bands were harvested on the 
bench, and after digesting the agar the sample was washed three times before loading 2 µl 
onto a carbon-coated Cu TEM grid (Ted Pella, Redding, CA) and dried in air. The sample 
was viewed and analyzed in STEM in SEM and SEM modes at 15 keV on the same 
instrument with LEI and SEI detectors, respectively. EDS spectra were collected at 20 
keV with a 10 µA emission current in STEM mode. The SEM work was completed at the 
Nanomaterials Characterization Facility (NCF) at the University of Colorado, Boulder, 
CO. 
 
2.3.6 Fe speciation within Gradient Tubes 
 Solid-phase samples for Synchrotron-based XAS were harvested anoxically out 
of biotic and abiotic FeCO3 gradient tubes at designated time points (one, two and four 
weeks; three and four months). Samples varied in pH based on the initial amount of 
NaHCO3 added (2, 5 or 10 mM). Bands from multiple identical tubes were combined to 
increase sample yields. Samples were centrifuged to concentrate Fe-oxides, and the Fe-
oxides were homogenized in a sterilized mortar and pestle. Samples were then were 
transported frozen and thawed in an anaerobic chamber before loading into 2 mm x 10 
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mm windows of aluminum or teflon sample holders sealed with Kapton tape. Sample 
were kept anoxic during analysis by purging with N2 gas, or refrozen and analyzed in a 
liquid N2-cooled cryostat to maintain original oxidation state of the sample. 
 Oxide band mineralogy was investigated using bulk Fe K-edge Extended X-ray 
Absorption Fine Structure (EXAFS) spectroscopy on Beamline 4-1 at the Stanford 
Synchrotron Radiation Lightsource (SSRL) using a 13-element germanium detector in 
fluorescence mode. Spectra were calibrated by adjusting the E0 of an Fe foil in line with 
the sample to 7112 eV. Spectra were deadtime corrected, averaged and fit using modules 
contained in SIXpack software (Webb, 2005). Where noted, spectra were corrected for 
self-absorption effects using the SACorrect function of SIXpack. The least squares fitting 
(LSF) and principal component analysis (PCA) modules were also used to analyze the 
dataset with a large library of Fe reference material spectra. In the LSF analysis, the cycle 
fit function was first used to determine which linear combinations of reference spectra 
resulted in the best fit results (lowest reduced chi2). Each sample spectra in the dataset 
was then fit with combinations of the pre-selected reference spectra that accounted for 
greater than 0.05 of the fit, up to a total of 1.00. Reference spectra were only used in fits 
if the reduced chi2 value improved by >10% with its inclusion.  
 The reference spectra used in fitting were obtained from a variety of sources. 
The Fe-oxides akageneite and feroxyhyte were synthesized (Schwertmann, 2000), 
ankerite was acquired from UCLA collections and numerous natural Fe phosphates and 
clays were acquired from the Smithsonian National Museum of Natural History. All of 
these materials were then analyzed in fluorescence and transmission mode using a Lytle 
detector, followed by mineralogical verification by XRD at the University of Colorado. 
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Additional reference spectra were also obtained from the authors of previous publications 
(Châtellier et al., 2004; Hansel et al., 2003; O'Day et al., 2004; Templeton et al., 2009; 
Toner et al., 2009b; Voegelin et al.). When these reference spectra are used in a fit their 
source is identified (Table 1). 
 
2.4 Results 
2.4.1 Isolation and metabolic characterization of Ralstonia HM08-01 
In total, five Ralstonia sp. were isolated from gradient tubes inoculated with 
borehole fluids and minerals: three from FeS tubes and two from Fe0 tubes. Ralstonia 
HM08-01 was isolated from Fe0 and the other Fe0 isolate had an identical 16S rRNA 
gene sequence. Ralstonia HM08-02 was isolated from FeS and another FeS isolate was 
identical by 16S rRNA gene sequence. The third FeS isolate was identical to Ralstonia 
HM08-01 by the same measure. The phylogenetic relationship between Ralstonia HM08-
01 and Ralstonia and Cupriavidus clones previously detected in fluids and granite core 
from Henderson Mine are shown in Fig. 2.2. Isolated Ralstonia sp. were 97-99% related 
to Ralstonia sequences in the fluids by 16S rRNA gene sequence. All Ralstonia isolates 
tested positive for Fe-oxidation under heterotrophic conditions using the “F-plate” 
method (Sudek et al., 2009). Ralstonia HM08-01 and HM08-02 had temperature optima 
of 40°C and growth at lower rates occurred down to 30°C, and up to 42°C. The upper and 
lower temperature limits for growth were not determined. At the temperature optimum of 
40ºC, Ralstonia HM08-01 and HM08-02 showed no change in growth rate between pH 
5.5 and 8, but growth slowed at pH above 8. A lower pH limit for growth was not 
determined.  
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Fig. 2.2 A maximum-likelihood tree showing that Fe-oxidizing Ralstonia HM08-01 
groups in the β-Proteobacteria near clones of the Ralstonia and Cupriavidus genera 
detected in other Fe-cycling environments. Other Fe-oxidizing bacteria that reside within 
the β-Proteobacteria and are discussed in the text are shown (i.e. Gallionella).  
 
In FeCO3 gradient tube growth experiments the total number of cells was nearly 
identical for all NaHCO3 concentrations (i.e. resulting pH), and so only one 
representative growth curve is presented (Fig. 2.3; 2 mM NaHCO3; pH 5). A greater than 
order of magnitude increase in cell density was detected at all time points and all depths 
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in the FeCO3 gradient tubes vs. the no Fe tubes, except for the deepest samples at the 
earliest time point (Appendix A). This order of magnitude higher cell density in the 
FeCO3 gradient tubes vs. no Fe tubes is perpetuated through 4 weeks. 
 
Fig. 2.3 Cell Growth with time in gradient tubes with (l) or without (u) an FeCO3 plug. 
Growth is enhanced in the presence of FeCO3 by an order of magnitude, and is sustained 
above 106 cells/ml out to 4 weeks, demonstrating that Fe oxidation continuously supports 
a large number of viable cells. 
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The 14CO2-fixation experiments to demonstrate autotrophic growth in gradient 
tubes were inconclusive. Both abiotic and biotic gradient tubes showed a loss of the 14C 
label with time, as detected by scintillation counting. This overall 14C loss corresponded 
to lowered pH throughout the course of the experiment (2 weeks). Because of this loss of 
label, the experiment was repeated in sealed bottles containing liquid media with daily 
injections of soluble Fe(II) and O2. Results from this experiment were negative, with no 
difference in uptake of 14C in biomass retained on the filter to abiotic samples. 
 
2.4.2 Geochemical profiles of total Fe, Fe(II), Fe(III) and O2 
Fig. 2.1B shows the differences in depth and extent of band development in the 
biotic and abiotic gradient tubes. The abiotic tubes develop a more diffuse band, and the 
band forms lower than in the biotic tubes. The spatial distribution of total Fe in the 
overlayer of gradient tubes at the end of the experiment (4 weeks) varied between the 
abiotic and biotic (Fig. 2.4). However, the biotic and abiotic tubes were almost 
indistinguishable in terms of the total final Fe concentration (~125 µmoles). The depth 
with the highest total Fe value for the biotic experiments is 1 cm below the surface, 
corresponding to the location of initial oxide band formation in Fig. 2.1B. In the abiotic 
experiments total Fe generally increases with depth. Total Fe was also measured with 
depth at 1, 2 and 3 weeks and generally shows the same trends as total Fe at 4 weeks 
(Appendix B). 
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Fig. 2.4 Total Fe with depth at 4 weeks in abiotic (n) and biotic (l) FeCO3 tubes. In the 
biotic experiment, total Fe is enhanced at 1 cm depth relative to the abiotic, 
corresponding to the level of Fe-oxide band formation.  
 
Voltammetric profiling elicited a current response (“wave”) at several potentials, 
corresponding to the following reductions that were used in quantification: -0.25 V for O2 
to H2O2, -0.5 V for Fe(III) to Fe(II) and -1.35 V for Fe(II) to Fe(Hg). A wave at -1.4 V in 
the presence of was O2 was from the reduction of H2O2 to H2O (Luther III et al., 2008). 
Another wave at -1.5 V was observed only when the Fe(II) and Fe(III) species were 
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present. Representative voltammograms of the forward (cathodic) portion of the CV scan 
in Fig. 2.5 show the waves for these different species from the abiotic gradient tube at 
day one. The current at the half-wave potentials for Fe(II) and O2 were converted to 
concentration with detection limits of 15 to 350 µM for O2 and 10 to 3220 µm for Fe(II). 
The standard deviation was <20% for O2, <15% for Fe(II) and <2.5% for Fe(III). Where 
data points were below detection, the values are reported as zero.  
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Fig. 2.5 Forward (cathodic) portion of representative CV scans taken at through a 1 day-
old abiotic FeCO3 gradient tube. At -10 mm (—), the O2 wave is visible, but current 
response diminishes by -20 mm (—). The waves for soluble Fe species appear at -30 mm 
(- -) and increase toward the plug -40 mm (- -). The Fe(II) peak overlaps with a peak at -
1.5 V, likely H+.  
 
Depth profiles were assembled for O2 (uM), Fe(II) (uM) and Fe(III) (nA). A 
subset of profiles is displayed in Fig. 2.6. In general, O2 was not detected below 2 cm in 
any experiment, and concentrations decreased through the top 2 cm. Overall O2 
concentration decreased in both experiments initially, but increased after two weeks in 
the abiotic tube and never rebounded in the biotic tube. Fe species were not detected in 
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the presence of O2, except for possibly at day 30 when Fe(III) was detected throughout 
both tubes (Appendix C), although O2 was not measured at this time point. There was an 
increasing spatial separation between the detection of O2 and Fe species in both 
experiments until week two when Fe species became detectable as O2 concentration 
dropped through the profile. Fe(III) was present once it became detectable at a given 
depth in all experiments. Fe(II) was much more variable. Fe(II) concentrations were often 
highest nearest the plug and decreased upward. In most of the experiments an Fe(II) peak 
was present in the region below the Fe-oxide bands shown in Fig. 2.6, but was below the 
quantification threshold (10 µm). Quantifiable Fe(II) spikes were just below the band in 
earlier time points (Fig. 2.6B, D and E; Appendix C (B)). These spikes in Fe(II) generally 
peaked at several hundred µM. The spikes also occurred just above a pulse in Fe(III) in 
the in day 1 and 7 profiles (Fig. 2.6B, D and E).  
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Fig. 2.6 Voltammetric profiles of Fe(II) (u), Fe(III) (n) and O2 (l) through abiotic (A-
C) and biotic (D-F) experiments at days 1, 7 and 14. O2 decreases in both experiments, 
but rebound after 14 days in abiotic. The Fe(III) species is present at all depths below the 
band and penetrates up through the band after 14 days. Fe(II) can be detected in several 
experiments, but is often below detection. Orange regions denote the relative thickness of 
visible Fe-oxide bands. 
 
2.4.3 Microscopy 
Fluorescence microscopy using the DNA-binding dye Syto9 revealed that 
Ralstonia HM08-01 cells grew in association with Fe-oxides (Fig. 2.7A). While some 
cells are seen living freely in the medium, most are clustered with Fe-oxides. This 
organism does not appear to make organic sheaths or stalks, nor nucleate Fe-oxides with 
a unique morphology. STEM in SEM and SEM images in Fig. 2.7B-F reveal the 
dominant morphology of Fe-oxide to be colloidal (50-100 nm diameter). These colloids 
form clusters and extensively coat cell surfaces. Cell encrustation appeared to increase 
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with the age of the sample. EDS analysis of the colloidal Fe-oxide reveal a composition 
dominated by Fe and O, with minor contributions from Si.  
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Fig. 2.7 (previous page) Microscopy of minerals and Ralstonia HM08-01 growing in 
FeCO3 gradient tubes. A. Fluorescent image of Syto9-stained bacteria in association with 
Fe-oxides. B. Two bacteria from 2 week-old experiments showing differing amounts of 
encrustation by Fe-oxides. C SEM and D. STEM image of encrusted bacteria in 4 month-
old experiments. E. SEM showing colloidal Fe-oxides 50-100 nm diameter, composed of 
Fe, O and minor Si (EDS data not shown). F. STEM of inset in E.  
 
2.4.4 Mineralogical composition of abiotic and biotic oxides 
EXAFS spectra were collected on samples named according to three variables 
(biotic vs. abiotic, NaHCO3 concentration (pH) and age); for instance, the 3 month-old 
biotic sample at 10 mM NaHCO3 is referred to as “3mB10” in text and figures. NaHCO3 
concentrations of 2 mM 5 mM and 10 mM resulted in an initial pH of 5, 6 and 8, 
respectively. When pH was measured at the end of the experiment, it typically had 
dropped 1 pH unit. Principal component analysis on the resulting spectra revealed that 
most spectral features were common to all samples. One spectrum, 2wAb10, had distinct 
features from the rest of the dataset. Analysis of the X-ray Absorption Near Edge 
Structure (XANES) region of this spectra using the method of (Marcus et al., 2008) 
indicates that this sample is composed of a mixed Fe(II)-Fe(III) phase(s). All other 
spectra in the dataset were identified as Fe(III) phases based on this same analysis.  
All EXAFS spectra in the dataset were fit with linear combinations of reference 
compounds (Fig. 2.8; Table 2.1). The Fe(II)-bearing sample 2wAb10 had a unique 
EXAFS spectra and could not be fit with any combination of reference compounds in our 
database. A few of the spectra from the dataset also contained similar features to 
2wAb10. For these reasons, sample spectrum 2wAb10 was used as a distinct reference 
spectrum in fitting. EXAFS spectra from 2L-ferrihydrite and Fe(III)-phosphate (Voegelin 
et al., 2010), and goethite (O'Day et al., 2004) were also selected for fitting after 
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screening a much larger library composed of Fe-oxides, clays, phosphates, carbonates 
and silicates. The use of these reference spectra was statistically supported based on their 
presence as >10% of the fit, and a >10% decrease in reduced chi2 values of each fit for 
each additional reference spectra added (Table 2.1) (Manceau et al., 2002; Ostergren et 
al., 1999). While 2wAb10 did not appear in all fits, it was a significant proportion 
(>10%) and significantly improved the fit of spectra 2wAb5, 2wB5 and 2wB10. Where 
reference spectra 2wAb10 contributed to >5% of any fit it was retained as a fit 
component  (Table 2.1).  
 
Table 2.1 
Fitting Results for EXAFS spectra of Fe-oxide bands. 
Sample SAC? 2wAb10 2L-Ferrihydritea 
Fe(III) 
Phosphatea Goethite
b red. chi2 Total 
1wAb2 no 0.08 0.60 0.21 0.11 0.09 0.99 
2wAb2 no 0.07 0.63 0.20 0.13 0.07 1.04 
4wAb2 no 
 
0.76 0.11 0.15 0.06 1.02 
4mAb2 no 
 
0.94 
 
0.14 0.12 1.08 
2wAb5 yes 0.21 0.46 0.21 0.14 0.25 1.02 
2wAb10 yes 1.00 
   
0.00 1.00 
3mAb10 yes 
 
0.46 0.15 0.37 0.13 0.98 
1wB2 no 0.06 0.84 0.23 
 
0.05 1.13 
2wB2 no 0.07 0.63 0.20 0.13 0.07 1.04 
4wB2 no 
 
0.93 0.15 0.16 0.09 1.00 
4mB2 no 
 
0.78 
 
0.18 0.09 0.96 
2wB5 no 0.12 0.66 
 
0.19 0.08 0.97 
2wB10 no 0.35 0.26 0.28 0.06 0.26 0.94 
3mB10 no 
 
0.76 
 
0.20 0.07 0.96 
  
aVoegelin et al., 2010; bO'Day et al., 2004 
SAC notes whether a spectrum was corrected for self-absorption effects. Spectra were fit with linear 
combinations of reference compounds and the unique sample spectrum (2wAb10). The reduced chi 
squared value is reported as a measure of the fit quality. 
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Fig. 2.8 (previous page) Least-squared fits of Fe EXAFS spectra of gradient tube bands. 
A. Reference spectra used in fitting the dataset. B. Spectra (black) and fits (gray) from 
abiotic and biotic gradient tubes of varying ages and NaHCO3 concentrations. 
 
2.5 Discussion 
2.5.1 Subsurface ecology of Ralstonia HM08-01 
Our experiments show that a new subsurface isolate is capable of coupling 
neutrophilic Fe-oxidation to growth. Although Ralstonia HM08-01 was still able to grow 
in the gradient tube experiments without FeCO3, its growth was enhanced by over an 
order of magnitude when supplied with Fe(II) (Fig. 2.3). In biotic gradient tubes a 
discrete oxide band formed at about 1 cm depth at week one relative to a more diffuse 
band in the abiotic tube (Fig. 2.1B). This band is likely the zone of active Fe-oxidation 
and growth, and this interpretation is corroborated by the high cell numbers (Appendix 
A) and the accumulation of total Fe at that depth (Appendix B). Growth is stimulated 
deeper in the tube as the experiment progresses, based on the expansion of the band in 
Fig. 2.1B, and the increase in cell numbers deeper within the tube at later time points 
(Appendix A). These experiments also demonstrate that growth is sustained by Fe-
oxidation, as cell numbers remain above 106 cells/ml even at after four weeks in the Fe-
oxidizing tubes.  
In the gradient experiments without an Fe(II) source, Ralstonia sp. HM08-01 is 
able to reach significant cell numbers in the presence of only the media, agarose and air 
(e.g. from 104 to 106 cells/ml in 24 hours). This background growth when no Fe(II) 
source was provided could not be suppressed despite using filtered media composed of 
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high-purity reagents and water in gradient experiments or microaerophilic bottle 
experiments performed without agar. While extensive chemical tests were undertaken to 
identify an additional electron donor, such as Fe or S in the salts used, none was detected. 
However, growth was arrested when O2 was not provided, confirming that growth is 
dependent on oxygen. Because cell densities were similar between growth in gradient 
tubes and growth in liquid media, it is unlikely that agarose is a growth substrate for this 
organism. No liquification of the overlay was observed in gradient tubes either, as would 
be expected if the isolate were using agarose as a carbon source. In addition, cell growth 
is not simply stimulated by the addition of Fe as a micronutrient. For example, when up 
to 100 µm Fe was added to liquid “H” media to stimulate growth, no increase in cell 
density was observed. Enhanced growth by Fe only occurs under the strictly optimized 
conditions of opposing fluxes of Fe(II) and O2 established in the gradient tubes. 
We investigated whether Ralstonia HM08-01 could couple autrotrophy to Fe-
oxidation because the low levels of organic carbon and high levels of inorganic carbon in 
Henderson borehole fluids predict that resident organisms are autotrophic. However, 
CO2-fixation under Fe-oxidizing conditions in gradient tubes could not be assessed. This 
was likely because of volatilization of the 14C label due to pH decrease from hydrolysis 
of Fe(III). In addition, the large amount of Fe-oxides may interfere with the scintillation 
reaction, although this result has not been confirmed. However, an alternate possibility is 
that Ralstonia HM08-01 is assimilating trace organic carbon during growth on Fe(II). 
Altogether, the growth exhibited using a variety of carbon sources (glucose, yeast extract, 
acetate, lactate and pyruvate), growth in minimal “H” media bottle experiments, growth 
and Fe-oxidation on heterotrophic media plates (“F-plates”), and growth in gradient tubes 
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suggest that Ralstonia HM08-01 is a metabolically-versatile mixotroph. Strict autotrophy 
using CO2 as the sole carbon source was not observed, but Fe(II) can stimulate and 
sustain high cell numbers over the time scales tested (several months). The significant 
cell densities obtained in “H” media without Fe, agar or organic carbon additions is 
similar to growth observed for oligobacteria cultured on unamended seawater (Button et 
al., 1998; Button et al., 1993; Connon and Giovannoni, 2002), further suggesting 
Ralstonia HM08-01 is adapted to the extremely oligotrophic conditions likely 
encountered in the subsurface.  
Ralstonia have commonly been detected in metal-rich habitats (Akob et al., 2007; 
Goris et al., 2001; Konstantindis et al., 2003; Mergeay et al., 2003), and although Fe(II)-
dependent growth has not been previously directly explored for Ralstonia, a potential role 
in Fe-cycling has been inferred from several studies (Bruun et al., 2010; Lin, 2007; 
Trimarco et al., 2006; Weber et al., 2006b). Sulfur oxidation has also been observed in 
isolates, although it is not known whether energy is conserved from S-oxidation (Dodge 
et al., 2006), and hydrogenotrophy has also been demonstrated (Gales et al., 2004). All of 
these metabolisms are relevant to the energy sources available in Henderson borehole 
fluids, and because of the close relationship between our isolate and sequences in the 
Henderson environment, we attempted to assess its ability mediate these processes. We 
observed no production of nitrite when Ralstonia HM08-01 was incubated anaerobically 
using nitrate with Fe(II) or H2, and no loss of nitrate with H2, although nitrate was not 
measured when Fe(II) was the electron donor. When incubated in anoxic FeCO3 gradient 
tubes with nitrate as the sole oxidant, no oxides formed, further suggesting Ralstonia 
HM08-01 is not capable of anaerobic Fe-oxidation. H2 oxidation with O2 was difficult to 
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assess because of the background growth on minimal media and difficulties in monitoring 
products and reactants of this metabolism. Oxidized forms of sulfur were not detected 
when Ralstonia HM08-01 was grown with sulfide and O2. Whether oxidation of other 
forms of sulfur can support growth needs to be further investigated. Based on these 
results, Fe-oxidation may be the main lithotrophic metabolism supporting these 
organisms in the environment. 
Our discovery that the isolate Ralstonia HM08-01 can oxidize Fe is novel not 
only because it is the first example from the environmentally widespread genus 
Ralstonia, but closely related sequences are abundant in the deep subsurface. At 
Henderson, Ralstonia sp. made up 15% of the 16S rRNA sequences collected from 
metal-rich fluids of borehole 7150’ D1, and were also detected in low-O2 fluids from 
boreholes 7025’ P4 (Sahl et al., 2008). By contrast, 90% of sequences from 7025’ D1, 
which had the lowest metal concentrations, grouped in the genus Gallionella. The 
presence of a known Fe-oxidizer, Gallionella, in the borehole fluids containing Fe at 
concentrations from 1 µm to 1 mM (Sahl et al., 2008) suggest Fe-oxidation is a viable 
reaction supporting life where these subsurface fluids are draining. The dominance by 
Gallionella in dilute fluids reflects many other studies that find this genus restricted to 
freshwater habitats (Emerson et al., 2010). The increase of Ralstonia corresponding to an 
increase in metals and solutes suggest that these organisms could establish an Fe-
oxidizing niche in metal-rich fluids where common freshwater and seawater Fe-oxidizing 
microorganisms are not observed. Ralstonia HM08-01 can grow and mediate Fe-
oxidation in pH 4-8 with no difference in growth rate or final cell concentration, and so it 
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is possible these types of organisms could also be described as an acid-tolerant FeOB 
(Lüdecke et al., 2010). 
The interface of the boreholes with the tunnel system is an obvious Fe-oxidizing 
habitat, and our data support Fe as the likely energy source for the Ralstonia sp. detected 
in the metal-rich borehole fluids. Pyrite and biotite are both potential sources of Fe, and 
substrates for Fe-oxidation using O2 or NO3- (Baker and Banfield, 2003; Shelbolina et al., 
2010). None of our experiments demonstrated definitively that Ralstonia HM08-01 was 
able to oxidize Fe with NO3-, but the abundance of Ralstonia sp. in the plugged (anoxic) 
borehole 7025’ P4 suggest that this organism may also have anaerobic metabolism(s), or 
be adapted to low-O2 conditions.  
 
2.5.2 Environmental implications of aqueous Fe speciation  
In the current study, evidence of microbially-mediated iron oxidation is readily 
visible in the location of the Fe-oxide bands forming in biotic vs. abiotic gradient tubes. 
As in other studies, the zone of band formation is narrowed in the biotic experiment, and 
the band is closer to the surface in biotic experiments (Fig. 2.1B) (Druschel et al., 2008; 
Edwards et al., 2003b; Sobolev and Roden, 2001).  The correspondence between depth of 
band location and highest total Fe in the biotic experiment points to enhanced Fe-
oxidation in that zone, suggesting biotic control over where the iron accumulates. This 
interpretation is corroborated by a wider zone of band development in abiotic tubes (Fig. 
2.1B), and that total Fe concentrations are more similar at all depths than in the biotic 
tubes. In both experiments the band is likely an active area of Fe-oxidation and 
accumulation.  
	   71 
Depth profiles of voltammetric data were used to further resolve Fe speciation and 
characterize O2 gradients at the mm scale. The detection limit for O2 (15 µm) by our 
protocol is much higher than detection limits of the Clark-style microelectrode used in 
other studies (Edwards et al., 2003b; Sobolev and Roden, 2001). Despite the inability to 
observe very low O2 concentrations, the O2 profiles still provide valuable information. 
The depth of O2 penetration in our experiments became shallower through time, but O2 
concentrations rebounded in the abiotic experiment after 2 weeks. We attribute this 
phenomenon to the faster kinetics of oxidation at 40°C relative to other experiments at 
room temperature (Druschel et al., 2008; Sobolev and Roden, 2001) coupled with 
decreased O2 diffusion rates because of a higher agar concentration. There may also be an 
effect from the higher altitude (our location) and higher temperature of incubation, which 
both decrease O2 solubility. However, O2 remains low in the biotic experiments, and cell 
numbers remain steady, suggesting a steady biological consumption prevents O2 
diffusion from reaching equilibrium with consumption that is seen in abiotic experiments 
after 2 weeks.  
In both experiments there is a clear spatial separation of O2 from aqueous Fe 
species, corresponding to the location of the visible Fe-oxide band. Despite these low O2 
conditions (i.e. below 15 µM), the oxide band continues to accumulate in the biotic 
experiments, suggesting that Ralstonia HM08-01 oxidizes Fe(II) under low O2 
conditions. This corroborates findings from other studies that FeOB are better able to 
compete kinetically with abiotic Fe-oxidation when concentrations of O2 are low (i.e. less 
than 50 µM) (Rentz et al., 2007; Sobolev and Roden, 2001), and the predominance of this 
organism in packed boreholes with low O2. However, the presence of Fe(III) throughout 
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abiotic experiments where O2 was not detected also suggests that abiotic Fe-oxidation is 
still occurring under low O2 conditions as well. 
The Fe(II) profiles show decreasing concentrations upward, indicative of 
diffusion into a reaction zone where Fe(II) is oxidized. Although the quantification limit 
of Fe(II) (10 µM) was relatively high, current due to Fe(II) below the quantification limit 
were still detectable and their magnitude decreased upward, validating the observation of 
an Fe-oxidation zone below the level of O2 detection. In several cases, pulses of Fe(II) 
were observed just below the depth where both Fe species were first detected (usually 
below the thickest part of the band). These pulses occurred in concert with pulses of 
Fe(III). This is unlikely to be due to bacterial Fe-reduction, because the same 
phenomenon was observed in the abiotic experiments. When either or both Fe species 
were detectable, there was also a wave at -1.5 V. As this wave was also present in 
experiments with acidic solution, we propose that it corresponds to H+ produced from Fe 
hydrolysis, which resulted in lowered pH of the gradient tubes. Although H+ has a more 
positive thermodynamic reduction potential, the overpotential of the Au/Hg electrode 
accounts for the more negative potential (-1.5 V) needed to drive the reduction of H+ 
(Lorenson, 2006). 
A surprising finding in both abiotic and biotic experiments is the abundance and 
stability of an electroactive Fe(III) species, detected as a broad wave at -0.52 V (Fig. 2.5). 
The species could either be a soluble Fe(III)-organic ligand complex, or colloidal Fe(III)-
oxides (Taillefert et al., 2000), because Fe(III) at circumneutral pH is not stable as an 
aqueous, uncomplexed species (Lofts et al., 2008). While Fe(III)-organic species are 
present and detectable in many environments and laboratory experiments (Buffle et al., 
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1989; Duckworth et al., 2009; Sobolev and Roden, 2001; Taillefert et al., 2000), it is 
presumed that FeOB produce the organic ligands to maintain Fe(III) in a soluble form 
(Kappler et al., 2005). In our experiments, such a ligand cannot explain the presence of 
an Fe(III) species of  the same potential in abiotic tubes. An Fe(III)-agarose phase is 
possible, but is not supported by our synchrotron-based analyses (see below). The 
oxidation of ferrous ammonium sulfate in the absence of organics results in a broad 
Fe(III) wave at -0.52 V (Taillefert et al., 2000), the same potential of the species detected 
in our experiments. At this pH the species is most likely an inorganic colloid, which is 
small enough to diffuse the electrode surface, and this size limit is theoretically 50 nm in 
diameter (Buffle, 1990). While this value is not empirically constrained, the Fe-oxides in 
the gradient tubes are within this size range (50-100 nm; Fig. 2.7C-F), supporting the 
interpretation that this species is a colloid. 
The geochemical mechanisms of formation and stabilization of colloidal particles 
are not well constrained. From geochemical profiles of estuaries, lakes, freshwater Fe 
seeps and Fe-oxidizing gradient tubes, Fe(III)-aqueous complexes and colloids are 
destabilized in the presence of sulfide or oxic conditions (Buffle, 1990; Buffle et al., 
1989; Druschel et al., 2008; Taillefert et al., 2000). While O2 is the necessary chemical 
reactant to form Fe(III) from Fe(II), the presence of O2 at micromolar levels appears 
either to destabilize or inhibit formation these complexes. Our experimental data, which 
show a spatial separation of O2 and Fe(III), agree with this observation. The exception 
may be the profile from day 30, where Fe(III) was found throughout the tube. Further 
experiments are necessary to determine the O2 ranges under which the electroactive 
Fe(III) species forms, and whether it is stable in higher O2 concentrations. EDS revealed 
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that Fe-oxide band colloids were composed of Fe and O, but not C. Similar colloidal Fe-
oxides have been observed by electron microscopy in other experiments with FeOB and 
in cell mineralization studies, often when PO43-or Si were present (Châtellier et al., 2004; 
Miot et al., 2009). In lakes, Fe colloids studied by SEM-EDS were associated with P and 
Si (Buffle et al., 1989). These studies all point to the stabilization of colloids, perhaps 
regardless of the presence of cells, by P or Si. Our EDS data of Fe colloids contained a 
small contribution from Si, suggesting that the incorporation of Si into the mineral may 
influence particle size. In order to ascertain the mineralogy of the Fe(III)-colloids, the 
voltammetry and SEM results were combined with XAS at the Fe K-edge.  
 
2.5.3 Stabilization of amorphous Fe-oxides 
In this study, the Fe K-edge XANES spectra of Fe-oxide bands forming in 
gradient tubes revealed that Fe(III) minerals dominated in all but one sample. The 
detection of a significant Fe(II) component occurred only in the 2wAb10 sample, which 
was used as a reference for fitting the Fe EXAFS spectra dataset. The linear combination 
fits of the dataset using reference Fe(II) and Fe(III) compounds also revealed that the 
dataset consisted mostly of Fe(III) minerals (2L-ferrihydrite, Fe(III)-phosphate and 
goethite). The dataset as a whole shows a general trend of increasing Fe(III) minerals 
with aging, based on the diminishing abundance of the Fe(II)-bearing reference spectra 
2wAb10 in the fits of older sample spectra.  
Altogether, the Fe EXAFS dataset suggests that the mineralogy of the Fe-
precipitates was likely controlled by the presence of PO43- and Si in the “H” media 
because of a shift from mineralogy dominated by PO43- (Fe(III)-phosphate) in the 
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youngest samples to phases dominated by Fe(III), Si and CO32- (2L-ferrihydrite and 
goethite) in the oldest samples. While the initial concentration of PO43- in experiments is 
100 µM, phosphate should rapidly precipitate in the presence of either Fe(II) or Fe(III), 
since the Ksp of vivianite and strengite are both exceeded in these experiments (Stumm 
and Morgan, 1996). As the experiments evolved, Fe continued to be added to the 
overlayer via diffusion from the plug, while PO43- remained static or declined due to 
microbial uptake, effectively decreasing the P/Fe ratio. Si and CO32- were also present in 
the experiments. Since CO32- -bearing phases are more soluble than Fe(II)- or Fe(III)-
phosphates, CO32-  will influence the mineralogy of subsequent Fe-oxides after PO43- is 
consumed (Larese-Casanova et al., 2010). This interpretation is supported by the 
observation that goethite became a significant proportion of spectra fit as Fe(III)-
phosphate decreased in aged samples. Low Si/Fe favors precipitation of 2L-ferrihydrite 
(Voegelin et al., 2010), and the presence of Si in colloids observed by SEM supports the 
idea that the mineralogy of the dominant phase is 2L-ferrihydrite and that this phase 
precipitates due to the presence of Si. 
Despite the differences in the proportion of each reference compound required for 
the EXAFS fit through time (Table 1), the electroactive Fe(III) species is present in 
experiments for at least 3 months (data not shown). Such a phase should also be 
detectable by EXAFS, regardless of whether it is a soluble or colloidal Fe(III) species. 
While all spectra were originally fit with combinations of all our reference spectra, the 
Fe(III)-organic ligands in our EXAFS reference library did not participate in successful 
fits of any of the dataset. An Fe compound will not be quantitatively detected by EXAFS 
unless it is present at greater than 10% of the total Fe atoms (Manceau et al., 2002; 
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Ostergren et al., 1999), so it is possible Fe-organic ligands (i.e. Fe-agar complexes) are 
present below this threshold. Furthermore, the electroactive Fe(III) species detected by 
voltammetry is unlikely to be a species of <10% given the large current response 
throughout the course of measurement. Thus, the electroactive Fe(III) species is probably 
one of the phases present in the EXAFS fit. The only phase present in all fits at all times 
is the 2L-ferrihydrite (>25% in all samples). This 2L-ferrihydrite reference compound is 
characterized as an amorphous phase, with low second shell amplitude, indicating lower 
Fe(III)-polymerization than in more crystalline phases such as lepidocrocite (Voegelin et 
al.). This suggests that this component could be composed of colloidal particles. While 
the Fe-phosphate phase could also be colloidal, we note that this phase was only a 
significant proportion of fits in younger samples, so is unlikely to be the persistent 
electroactive species. In addition, the EDS spectra of colloidal Fe-oxides does not show a 
contribution from P, but do show the Si contributions, confirming that colloids are more 
likely to be short-range ordered 2L-ferrihydrite. 
 
2.6 Conclusions 
Deep mines have the potential to support novel microbes and an extensive 
subsurface biosphere dependent upon energy sources derived from mineral dissolution or 
even radiolytic H2 (Lin et al., 2005a). Where subsurface mine waters intersect more 
oxidizing environments, abundant geochemical energy will be available to support 
chemolithoautotrophic organisms that can also tolerate high amounts of other toxic 
metals. At the Henderson Mine in CO, we have cultivated a Ralstonia species and 
demonstrated its ability to grow and sustain high cell numbers by oxidizing iron at neutral 
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pH. Given the detection of closely-related organisms in these metal-rich mining waters, 
we propose that this organism represents a new class of subsurface FeOB. Potentially 
many more organisms with the functional capability of Fe-oxidation can be found in 
environments where metals are too high for the recognized freshwater or marine FeOB 
strains. Moreover, given the ability of Ralstonia HM08-01 to grow mixotrophically on 
Fe(II) under highly oligotrophic conditions, this organism may also be suitable for future 
biomineralization studies. 
In environments dominated by water-rock interaction there will be high 
concentrations of metals and other inorganic ligands (i.e. PO43-, Si) that will determine 
both the resulting secondary Fe mineralogy as well as the size of the Fe-oxide particles 
that form. While identification of the short-range order of these relatively amorphous 
phases in environments is possible with synchrotron-based X-ray absorption 
spectroscopy and electron microscopy, there is currently no way to identify the presence 
of colloidal Fe-oxides directly in the field. In this study we demonstrate that colloidal 
Fe(III)-oxides are reactive with Hg-Au microelectrodes. While this method is currently 
non-quantitative, the intense current response suggests that such a phase is quantitatively 
important in the mass balance of Fe species. The phase is also long-lived, which could 
have implications for nutrient or contaminant sorption or transport (Ferris et al., 1999). 
While such issues were not addressed by our work, the detection of electroactive Fe(III) 
species indicates the need for further characterization of environmental samples with 
multiple techniques. 
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Chapter 3 
ORIGINS OF NITROGEN SUPPORTING THE SUBSURFACE BIOSPHERE AT 
HENDERSON MINE, CO 
 
3.1 Abstract 
The existence of life in deep terrestrial subsurface rocks has been established at 
multiple sites, yet few studies have investigated the origin of nutrients that support deep 
life. At Henderson Mine, CO, subsurface fluids drain from boreholes at 3000’ depth, and 
these fluids contain a diverse microbial community based on 16S rRNA gene surveys. 
The fluids of several boreholes contain nitrogen in multiple oxidation states, including 
N2, NH4+ (5-100 µM), nitrite and nitrate. Fluid mixing trends show a correlation between 
NH4+ and degree of water-rock interaction, suggesting subsurface NH4+ is sourced 
geologically. Since the Henderson MoS2 ore deposit developed from partial melting of 
the lower crust, it is plausible that a sedimentary/crustal source of nitrogen was 
mineralized into NH4+, which then substituted for K+ in silicate minerals in the 
stockworks. FTIR microscopy is used to detect and quantify NH4+ in biotites and 
muscovites from Henderson Mine. Functional gene amplification is used to determine 
whether biological nitrogen fixation of N2 can supply the microbial community with 
NH4+. In the borehole fluids with the highest NH4+ (~100 µM), nifH genes were amplified 
from DNA extracts of filtered fluids, but not from borehole fluid DNA where NH4+ 
concentrations were lower. A phylogenetic approach was used to evaluate whether nifH 
belongs to the novel phylum of bacteria first detected in these samples, the Henderson 
candidate division. 
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Geochemical calculations predict that nitrification (NH4+ and NO2- oxidation) is 
favorable in the high NH4+ borehole, and so DNA samples were interrogated for the 
presence of nitrifiers. The DNA from the high-NH4+ borehole fluid was the only sample 
to contain 16S rRNA sequences from archaea and the bacterial genus Nitrospira. From 
this sample, the gene for archaeal ammonium oxidation, amoA, was amplified, but not the 
bacterial version of the gene, suggesting that archaeal ammonium oxidizers (AOA) are 
better adapted to this environment. Finally, a novel nxrB gene encoding the beta subunit 
of nitrite oxidoreductase specific to nitrite-oxidizing Nitrospira was amplified from DNA 
of the high-NH4+ borehole. Amplification of genes for nitrogen fixation and nitrification 
support that these processes are occurring in the subsurface.  
 
3.2 Introduction  
Microbial communities thrive within the fluids circulating through granite at 
Henderson Molybdenum Mine (Sahl et al., 2008). The energetically-favorable redox 
reactions possibly supporting subsurface life at Henderson include reactions of the 
nitrification pathway, particularly NH4+ and NO2- oxidation with O2 (-38 and -34 kJ/mol 
electron transferred, respectively for one sample), and denitrification using nitrate or 
nitrate as an electron acceptor with a variety of substrates. Thermodynamic calculations 
were based on the detection of multiple redox states of aqueous nitrogen species (i.e. 
NH4+, NO2- and NO3-) in Henderson fluids, as well as micromolar levels of gaseous N2O 
in the plugged boreholes. N2O is an intermediate in both microbial 
nitrification/denitrification, and as such is a hallmark of biological nitrogen cycling. The 
only known abiotic mechanism for production involves reaction of NO2- or NO3- with 
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(ultra)mafic rocks and minerals (dolerite, augite and olivine) (Samarkin et al., 2010), 
phases that are not present at Henderson. This evidence suggests that either nitrification 
or denitrification could be actively supporting the energetic needs of organisms capable 
of carrying forward these reactions in Henderson fluids. 
The possibility that nitrogen supports the energetic needs of the Henderson 
microbial community in packed boreholes is not the only implication of the detection of 
nitrogen species. All life is requires a supply of the elements C, H, O, N, S and P (plus 
trace quantities of metals) to build essential biomolecules (i.e. enzymes, lipids, DNA). In 
subsurface environments where surface-derived input may be limited by diffusion, 
nitrogen in forms that are readily usable by biology (i.e. NH4+, NO2- and NO3-) may be 
limiting to life. In Henderson, the presence of several nitrogen species in subsurface 
fluids and as organic nitrogen in the mineral mats (indicating cells or cell exudates) are 
all evidence to suggest that the abundance of nitrogen is not a limitation to life in 
Henderson. The origin of fixed nitrogen in Henderson fluids is less clear, but possibilities 
include biological fixation of N2 gas, release of NH4+ substituted for K+ in subsurface 
silicate minerals (Miller and Orgel, 1974), or nitrogen from blasting agents used within 
the mine (Jensen et al., 1983). 
 
3.2.1 Biological nitrogen cycling 
 The biological nitrogen cycle involves redox transformations between inorganic 
forms of nitrogen (i.e. N2, NH4+, NO2-, NO3- and N2O) that are mediated by microbes 
(Fig. 3.1). Nitrogen fixation forms the backbone of the biological nitrogen cycle, 
supplying fixed nitrogen, NH4+ or organic nitrogen (R-NH3) that supports plants and 
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animals, as well as microbes. Only specific members of archaea and bacteria can fix N2 
(termed “diazotrophs”). In general, the genes for N2 fixation appear to be vertically 
inherited, but some organisms seem to have acquired the marker nitrogenase gene, nifH, 
through lateral gene transfer (Chien and Zinder, 1996). The reduction of N2 to NH4+ is 
not spontaneous, and the nitrogenase enzyme requires input of ATP at an energetic cost 
to the diazotroph (Broda and Paschek, 1980). Despite this cost, several recent studies 
demonstrate that nitrogen fixation may provide fixed nitrogen for subsurface marine and 
microbial ecosystems, even when putative anaerobic metabolic reactions have low 
energetic yields (Dekas et al., 2009; Mason et al., 2010; Mehta et al., 2003). Although 
studies in the terrestrial subsurface have addressed nitrification as a process supporting 
subsurface life energetically (Hirayama et al., 2005; Spear et al., 2007; Weidler et al., 
2007), none have specifically investigated whether the ultimate source of nitrogen to the 
system was biologically fixed, as appears to be the case with the marine subsurface. 
 
	   82 
 
Fig. 3.1 The biological nitrogen cycle. Atmospheric N2 is fixed by microbes, supplying 
NH3 (or NH4+) for assimilation and production of organic nitrogen. Fixed nitrogen also 
fuels nitrification and the production of NO3-, which in turn drives denitrification, 
completing the cycle. NH4+ can be mineralized into clays and potassic minerals, and 
possibly re-released for biological use. The functional genes targeted in this study encode 
for nitrogenase (nifH), archaeal and bacterial ammonium monooxygenase (amoA), and 
nitrite oxidoreductase (norB/nxrB) (adapted from Codispoti et al., 2001). 
 
 In most oxic environments, NH4+ from nitrogen fixation or breakdown of organic 
material rarely accumulates because it is oxidized to nitrite by bacteria and archaea in a 
two-step reaction, with the overall reaction approximated as: 
NH4+ + 1.5O2 à NO2- + H2O + 2H+             (3.1) 
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This first step of nitrification (ammonia oxidation) is generally thought to be carried out 
by two chemolithotrophic bacterial genera: Nitrosomonas and Nitrospira at circumneutral 
pH (Canfield et al., 2005). However, surveys of ocean and soil environments in the last 
decade have revealed the presence and abundance of gene relatives of bacterial 
ammonium monooxygenase (amoA) in samples where Crenarchaeota are numerically-
abundant by 16S rRNA gene detection (Francis et al., 2005; Hallam et al., 2006; Treusch 
et al., 2005; Venter et al., 2004). This was the first indication that Crenarchaea were also 
capable of ammonia oxidation using enzymes similar to those employed by their 
ammonia-oxidizing bacterial (AOB) relatives. Further work with isolates of 
Crenarchaeota has verified that amoA genes encode part of an ammonium-oxidizing 
enzyme that functions in supporting the energetic needs of the so-called ammonium-
oxidizing archaea (AOA) (de la Torre et al., 2008; Hatzenpichler et al., 2008; Könnecke 
et al., 2005). In addition to marine and soil environments, archaeal amoA genes and AOA 
have been abundantly detected relative to AOB in a number of hot springs, terrestrial 
subsurface environments and estuaries, indicating that AOA inhabit a diverse range of 
environments that AOB cannot (Martens-Habbena et al., 2009). 
 The final step of nitrification is the oxidation of nitrite to nitrate, summarized by 
the following reaction: 
 NO2- + 0.5O2 à NO3-            (3.2) 
This process is carried out by the reversible enzyme nitrite oxidoreductase, encoded by 
the gene nxrB in nitrite-oxidizing bacteria (NOB). This gene was previously called norB, 
which is also the notation for nitric oxide reductase, and so was recently changed to 
eliminate confusion (Starkenburg et al., 2006). There are four genera capable of 
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mediating this reaction: Nitrobacter, Nitrococcus, and Nitrospina, all members of 
proteobacteria phylum, and the genus Nitrospira, which belong to the Nitrospirae 
phylum (Canfield et al., 2005). While proteobacterial NOB are well-represented in pure 
culture and thus form the basis for knowledge about NOB, the Nitrospira appear to be the 
most diverse and abundant NOB in nitrifying environments, apparently thriving in nitrite 
and oxygen concentrations are too low to support proteobacterial NOB (Daims et al., 
2006; Daims et al., 2001). A few studies have investigated the potential for nitrite-
oxidation to sustain subsurface life, particularly for the genus Nitrospira (Hirayama et al., 
2005; Weidler et al., 2007), and the detection of this genus by culture-independent 
methods in other mines suggests a wider role for these organisms in nitrification in the 
oligotrophic subsurface (Gihring et al., 2006). 
 
3.2.2 Geological sources of nitrogen 
Nitrogen is an essential element for life, but the source of organic nitrogen that 
supports life in subsurface habitats such as deep granite at Henderson Mine has not been 
explored. Few nitrogen-bearing minerals are known, and most of these are nitrates found 
in extremely arid deserts (i.e. nitratine (NaNO3) and nitre (KNO3)) from the Atacama 
Desert in Chile), as nitrate is too soluble for these minerals to be stable in aqueous 
environments (Holloway and Dahlgren, 2002). However, dissolved NH4+ is abundant at 
Henderson, and fluid NH4+ concentration corresponds with increasing water-rock 
interaction defined by the linear increases in F and SO42- with increase in Mn 
concentration in borehole fluids sampled from the Henderson subsurface (Fig. 3.2), 
although NH4+ was not measured in the most rock-reacted waters from boreholes at the 
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7150’ level. If NH4+ is also sourcing from rocks, the K+-bearing minerals in granite or 
hydrothermally-altered phases are likely reservoirs, based on the substitution of NH4+ for 
K+ in micas and feldspars (Hall et al., 1991).  
 
 
Fig. 3.2 Fluid mixing between 7150’ and 7025’ boreholes showing a trend of increasing 
NH4+ in 7025’ level boreholes with Mn, interpreted as increasing water-rock interaction 
for borehole fluids on the right side of the plot. 
 
There are several pathways for NH4+ to be introduced into silicate minerals, 
however all NH4+ must ultimately be biological in origin as there are no known processes 
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for enriching juvenile crust in NH4+ (Boyd, 2001). The three processes most relevant to 
the Henderson system involve contamination of granite through interaction with NH4+-
bearing sedimentary rocks. The first process is exemplified in the Ryoke metamorphic 
belt in Japan, where NH4+ is highest in emplaced granites that assimilate from NH4+-
bearing metasediments (Itihara and Honma, 1979). Henderson granite intruded near 
Precambrian metasediments (Theobald, 1965), although it is hosted primarily by Silver 
Plume granite and not the metasediments, suggesting that this process is unlikely. The 
second possible process is hydrothermal alteration of granites with fluids that have 
interacted with NH4+-bearing crustal rocks as has been observed for intrusive granites in 
Italy (Hall et al., 1991). Hydrothermal alteration was extensive at Henderson, but fluid 
inclusion data suggests hydrothermal alteration was accomplished by juvenile magmatic 
fluids, and that these fluids did not interact with surrounding crust or groundwater 
(Seedorff and Einaudi, 2004a), and so hydrothermal input of NH4+ sourced from 
metasediments is also unlikely. The last process involves contamination of granite 
magma formed with NH4+ by anatexis of pre-existing crust (Hall, 1988; Honma and 
Itihara, 1981), which would require NH4+-bearing basement rock. This scenario is the 
most likely because the Henderson granite and ore is geochemically consistent with a 
mid- or lower-crustal origin (Farmer and DePaolo, 1984; Stein and Hannah, 1985). 
The average ammonium concentration in granites is ~45 ppm (Hall, 1999), but the 
average concentration of ammonium in Henderson granite has never been measured. 
NH4+-bearing minerals vary in how much NH4+ substitutes for K+, with ammonium 
concentrations highest in biotite, then muscovite, and lowest in K-feldspar (Hall, 1987). 
Weathering of minerals containing “geological NH4+”, if present at Henderson Mine, 
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may supply the microbial community with fixed nitrogen, assuming a mechanism for 
NH4+ release from rock. That NH4+ is present with increasing degree of water-rock 
interaction (Fig. 3.2) suggests that if NH4+ is sourced geologically, it is being released as 
a useable soluble form. This study evaluates the origin of ammonium in the Henderson 
subsurface, and the importance of fixed nitrogen to for the microbial community both as 
an essential nutrient and an energy source. 
 
3.2.3 Intentions of the current study 
 The goal of this study was to first assess the potential source of fixed nitrogen 
(ammonium) to the subsurface fluids of Henderson Mine and second to determine 
whether or not ammonium can be used as an energy source by resident microbes. To 
accomplish the first goal, a geological source of ammonium evaluated by quantitative 
analysis of potentially-NH4+ bearing minerals (micas). Concurrently, the potential for the 
microbial community to fix N2 into NH4+ was assessed based on the presence of genes 
for nitrogen fixation in DNA extracted from NH4+-bearing borehole fluids. This same 
DNA was also used to evaluate whether genes for ammonium- and nitrite-oxidation were 
present, in order to answer the second question of whether or not ammonium could serve 
as an energy source. The results yield insight into the source of ammonium to the 
subsurface, and how the ecology of the subsurface microbial community may be 
influenced by the presence of ammonium as an energy source. 
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3.3 Methods 
3.3.1 Sample collection and processing 
Mineral samples for NH4+ analysis were collected from surface sites surrounding 
the mine, and from a drill core Table 3.1. The surface samples were collected from 
outcrops of Proterozoic biotite gneiss and migmatite (metasediments) intruded by the 1.4 
Ga Silver Plume granite within a 10-mile radius of Henderson Mine (Theobald, 1965). 
The surface samples with the prefix “SP1009” and the outcrops from which they were 
sampled are shown in Fig. 3.2A and B. Subsurface samples from the ore-bearing stocks, 
the intruding Henderson, Seriate and Urad granite and the Silver Plume granite were 
acquired from Holly Stein at Colorado State University (Stein, 1985), and were named 
according the scheme HS-82 and followed by a unique two-digit sample number. 
Hydrothermally-altered Henderson Granite was also acquired from a drill cores, and 
named according to the depth of drilling in feet (Sahl et al., 2008). The altered samples 
did not contain biotite, and so muscovite grains were evaluated instead. Samples were 
crushed, sieved between 100 and 400 µm and biotites were concentrated with a Frantz 
magnetic separator. Minerals were washed in distilled H2O and dried at 50°C prior to 
analysis.   
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Table 3.1 
     Sample name Sample Type Location Mineral [NH4+] ppm Reference 
Standard      
MS-14 pelitic and 
banded schists 
Moine 
Succession, 
Scotland 
biotite 845 Boyd and 
Philippot, 1998 
      
Sample      
SP1009 biotite gneiss 
and migmatitea 
Vasquez Creek 
Road, CO 
biotite NA this study 
SP1009black biotite gneiss 
and migmatitea 
Vasquez Creek 
Road, CO 
biotite NA this study 
SP1009white silver plume 
granite 
intruding 
biotite gneiss 
and migmatitea 
Vasquez Creek 
Road, CO 
biotite NA this study 
      
HS-82-14 Henderson 
Urad Porphyry 
Henderson 
underground 
biotite NA Stein, 1985 
HS-82-42 Henderson 
Urad Porphyry 
Henderson 
underground 
biotite NA Stein, 1985 
HS-82-43 Henderson 
Porphyry 
Henderson 
underground 
biotite NA Stein, 1985 
HS-82-59 Henderson 
Urad Porphyry 
Henderson drill 
core 
biotite NA Stein, 1985 
HS-82-60 Henderson 
Primos Interior 
Henderson drill 
core 
biotite NA Stein, 1985 
HS-82-61 Henderson 
Seriate Granite 
Henderson drill 
core 
biotite NA Stein, 1985 
HS-82-62 Henderson 
Dailey Stock 
Henderson drill 
core 
biotite NA Stein, 1985 
HS-82-15 Henderson, 
Silver Plume 
Granite 
Henderson 
underground 
biotite NA Stein, 1985 
HS-82-53 Silver Plume 
Granite, type 
locality 
Silver Plume, 
CO quarry 
biotite NA Stein, 1985 
      
1225 Henderson 
granite 
DUSEL drill 
core 
muscovite NA Jung, 2007 
1900 Henderson 
granite 
DUSEL drill 
core 
muscovite NA Jung, 2007 
aTheobald, 1965 
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3.3.2. FTIR Microscopy 
Analysis for NH4+ in biotites and muscovites was made by FTIR microscopy as 
previously described (Busigny et al., 2003, 2004; Papineau, 2006; Papineau et al., 2005). 
Briefly, individual grains were analyzed using a Thermo Nicolet Continuum microscope 
linked to a Nexus 670 FTIR spectrometer at the University of Colorado. Grains were 
placed on NaCl plates with a purge ring to that supplied CO2-scrubbed air. Spectra were 
collected by an infrared beam collimated to a 100 µm x100 µm window, focused normal 
to the c-axis of biotite and muscovite grains. Two hundred transmission IR (4000-650 
cm-1) spectra were collected using an MCT/A detector cooled by liquid nitrogen to 
minimize electronic noise and absorption of water. Fig. 3.3 C-E shows images of 
representative biotites with the analysis spot. 
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Fig. 3.3 Samples analyzed by FTIR microscopy. Image of the biotite gneiss and 
migmatite outcrop (A) and the Silver Plume granite intruding the biotite gneiss and 
migmatite (B). Biotites analyzed: standard MS-14H (C), and subsurface sample HS-82-
15A (D). The analysis spot in C and D is approximately 100 x 100 µm. 
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3.3.3. Amplification of functional genes of the nitrogen cycle 
Fluids draining from boreholes on the 7025’ level of Henderson Mine were 
passed through 0.2 µm membrane filters both before and after packers were inserted to 
prevent O2 in mine tunnel air from equilibrating with draining fluids. DNA was extracted 
from these filters as previously described (Sahl et al., 2008). The functional genes of the 
nitrogen cycle were investigated by PCR amplification, cloning and sequencing of this 
DNA. To investigate a potential biological source of fixed nitrogen, one of the nitrogen 
fixation genes, nifH, was amplified using a nested PCR approach with primer sets 
nifA/nifRev and nifB/nifRev, respectively, from an existing protocol (Reed et al., 2010). 
The product of the nested reaction was extracted and cleaned from a gel using the Qiagen 
Gel Extraction kit. This product was then cloned into chemically competent Escherichia 
coli cells using a TOPO 1-shot cloning kit (Invitrogen), and cells were grown on LB-
kanamycin plates. The insert was amplified with M13 primers, cleaned with an 
Invitrogen PCR clean-up kit, and sequenced commercially with M13F by SeqWright 
(Houston, TX). 
In addition to the N-fixation genes, two other marker genes for nitrification were 
also assessed by PCR amplification. The presence of bacterial ammonium-oxidation gene 
(amoA) was assessed with the primers 301F/302R (Norton et al., 2002) under previously 
described cycling conditions (Hirayama et al., 2005). The potential for archaeal oxidation 
of ammonia (AOA) was assessed by using primers designed to amplify the archaeal 
amoA gene under previously described conditions (Francis et al., 2005; Spear et al., 
2007). Finally, the presence of bacterial nitrite oxidation genes was assessed for 
organisms of the Nitrospira genus using the nxrBF916 and nxrBR1237 primers designed 
	   93 
to target a 321 bp piece of the nxrB gene that encodes for the β subunit of the nitrite 
oxidoreductase enzyme (Lücker et al., 2010). Successfully amplified genes were cloned 
and sequenced as described above for nifH. 
 
3.3.4. Phylogenetic analysis of functional genes 
 Nucleotide sequences were edited with Sequencher 4.7. 16S rRNA sequences 
were aligned using the Greengenes database (DeSantis et al., 2006). Nucleotide 
sequences of the functional genes nifH and nxrB were translated to protein (amino acid) 
sequences using the transAlign script (Bininda-Emonds, 2005), and aligned using 
ClustalW. Similar sequences were identified from a blastn or blastx search of the NCBI 
database, and reference sequences were subsequently downloaded from this database. 
Phylogenetic trees were assembled using the RAxML BlackBox with the JTT model of 
substitution (Stamatakis et al., 2008). The maximum likelihood search was used to find 
the best-scoring tree, which was selected and edited in FigTree. 
 
3.4 Results 
3.4.1 NH4+ content of biotites 
 Biotite samples analyzed for NH4+ content (Table 3.1) were from surface outcrops 
surrounding Henderson Mine of biotite gneiss and migmatite (SP1009) and Silver Plume 
granite (SP1009white) intruding the biotite gneiss and migmatite (SP1009black). Biotites 
were also analyzed from subsurface samples of the Henderson and Seriate granite, the 
mineralized stocks of the Henderson and Urad orebodies, and the Silver Plume granite. 
Muscovite from hydrothermally altered Henderson granite obtained from drill core was 
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also analyzed. Fig. 3.3 shows the outcrops from which metasedimentary biotites were 
collected, and a selection of biotites under the FTIR microscope. Biotites from the Moine 
metasediment (Boyd and Philippot, 1998) were successfully analyzed as NH4+-bearing 
standards, displaying a characteristic and quantitative peak for NH4+ bending at 1429 cm-
1 (Fig. 3.4A). However, none of the Henderson subsurface biotite or muscovite samples 
displayed a peak corresponding to NH4+ bending (Fig. 3.4B and C).  
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Fig. 3.4 (previous page) FTIR spectra of biotites. Grains from the standard sample MS-
14, with absorptions specific to NH4+-bearing biotite indicated (A). Grains of the biotite 
gneiss and migmatite (SP1009B) and the biotite and migmatite gneiss intruded by Silver 
Plume granite (SP1009black and white, respectively) (B). Grains from the stocks within 
Henderson and from Silver Plume granite (C). None of the samples had an absorption 
feature at 1429 cm-1 that is characteristic of NH4+. 
 
3.4.2. Microbial community composition 
The DNA sample from borehole 7025’ P4 is primarily discussed in this study 
because the 7025’ P4 borehole fluids had the highest concentrations of nitrogen species 
(NH4+ 112 µM, NO2- 46 µM and NO3- 60 µM), and because functional genes for nitrogen 
fixation and nitrification were amplified only from this sample. From the 16S rRNA 
sequences detected in the DNA of borehole 7025’ P4, 33% were Proteobacteria, 37% 
were the novel bacterial lineage Henderson candidate division, 12% were Firmicutes, 6% 
were Acidobacteria, 4% Crenarchaeota, 3% Chlorobi, 2% Chloroflexi and 3% other 
known bacterial lineages (Sahl et al., 2008). The 16S rRNA phylotypes (>95% nucleotide 
identity; Table 3.2) were used to construct a phylogenetic tree for this borehole (Fig. 3.5). 
In addition to the lineages mentioned, notable sequences with potential nitrogen-cycling 
ability were from the Nitrospira genus, known as nitrite-oxidizers that are commonly 
detected in the environment, but are rare in culture (Daims et al., 2001) made up less than 
1% of microbes detected by 16S rRNA.   
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Table 3.2 
     
Phylotype1 # of clones Phylum Close Cultured Relative  
% 
identity 
Accession 
number 
Bacteria 
     
7025P4B90 26 Beta Proteobacteria 
Siderooxydans lithotrophicus 
ES-1 96 CP001965 
7025P4U33 61 Candidate Division none NA NA 
7025P4U49 2 Beta Proteobacteria Azonexus caeni 93 AB166882 
7025P4U82 1 Firmicutes 
Thermaerobacter marianensis 
DSM 12885 90 CP002344  
7025P4U94 8 Beta Proteobacteria Ralstonia HM08-01 99 GQ505030 
7025P4U61 2 Acidobacteria Acidobacteriaceae isolate WJ7  85 AY096034  
7025P4B76 4 Beta Proteobacteria 
Burkholderiales bacterium 
YT0099 
98 AB362826 
7025P4B75 6 Beta Proteobacteria Acidovorax caeni str. R-24608T 96 AM084006 
7025P4B85 3 Firmicutes Firmicutes bacterium 1229-1IIA 85 AM183354 
7025P4U4 7 Acidobacteria Holophaga foetida str. TMBS4 95 
NR_03689
1 
7025P4B40 2 Firmicutes Thermaerobacter subterraneus 88 AF343566 
7025P4BP2 2 
Gamma 
Proteobacterium Marinobacter aquaeolei  85 AJ000726 
7025P4B27 1 Chlorobi  Ignavibacterium album Mat9-16 91 AB478415 
7025P4B63 2 Chlorobi  Ignavibacterium album Mat9-16 92 AB478415 
7025P4B31 1 Actinobacteria 
Rubrobacter radiotolerans str. 
DSM 5868 85 X98372  
7025P4U48 3 Beta Proteobacteria 
Thiobacillus thioparus 
DSM:505 96 GU967679 
7025P4BP3 1 
Gamma 
Proteobacterium Marinobacter aquaeolei  85 AJ000726 
7025P4B84 13 Firmicutes 
Thermaerobacter marianensis 
DSM 12885 87 CP002344  
7025P4B70 1 Deinococcus 
Meiothermus silvanus DSM 
9946 89 CP002042 
7025P4U69 1 Alpha Proteobacteria Nordella oligomobilis 92 AF370880 
7025P4U67 3 Firmicutes 
Thermanaeromonas toyohensis 
str. ToBE  83 
NR_02477
7 
7025P4B67 1 Acidobacteria 
Ca. Koribacter versatilis 
Ellin345 93 CP000360 
7025P4B20 2 Nitrospirae Nitrospira calida 94 HM485589 
      Archaea 
     7025P4A96 4 Crenarchaeota Ca. Nitrososphaera gargensis 97 GU797786 
7025P4A86 1 Crenarchaeota 
Marine crenarchaeote 
RS.Sph.032 89 DQ097306 
7025P4U35 1 Crenarchaeota Ca. Nitrosopumilus sp. NM25  93 AB546961 
Phylotypes are named for mine level (7025 ft), packer-inserted borehole (P4), primer set used 
(U=Universal, B=Bacterial, A=Archaeal) and clone number. 1Phylotypes were designated by greater or 
equal to 95% identity. 
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Borehole 7025’ P4 DNA was the only sample from Henderson Mine that 
contained archaeal 16S rRNA sequences (Sahl et al., 2008). The sequences (Table 3.2) 
were used here to construct an archaeal phylogenetic tree (Fig. 3.6), which shows that all 
sequences fall into the Crenarchaeal phylum of archaea (Brochier-Armanet et al., 2008; 
Spang et al.). Of the six sequences recovered from this sample, four group together, but 
apart from other common Crenarchaeal clusters. A single sequence (clone 7025P4A86) 
falls into the SAGMCG-1 cluster detected from a deep South African gold mine (Takai et 
al., 2001). None group with known ammonium-oxidizing archaea, although the four 
clustered Henderson archaeal 16S rRNA gene sequences are 97% identical to Ca. 
Nitrososphaera gargensis, an isolated ammonium-oxidizing archaeum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5 (next page) Schematic diagram of the phylogenetic relationships between 16S 
rRNA gene sequences of >95% identity belonging to the domain bacteria detected at 
Henderson Mine. The sequences are shown with closest cultivated representatives from 
the same phylum (labels at right) to highlight the diversity of organisms present. 
Numbers in parenthesis that follow Henderson clones refer to the number of sequences in 
each phylotype. The diagram was constructed from the best-scoring maximum likelihood 
tree generated from a greengenes alignment. Scale represents 0.1 substitutions per site. 
The archaeal outgroup and bootstrap values have been removed for visual clarity. 
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Fig. 3.6 Maximum likelihood phylogenetic tree constructed of all archaeal 16S rRNA 
sequences from Henderson Mine borehole 7025’ P4 (Sahl et al., 2008).  A cluster of 
clones groups with the soil crenarchaeal group (SCG). One single sequence (7025P4A86) 
groups in the South African Gold Mine Crenarchaeote Group 1 (SAGMCG-1) (Takai et 
al., 2001) and the other single sequence (7025P4U35) group with the Marine Group I 
(MGI). Additional abbreviations are: TC, thermophilic Crenarchaeote; SAGMEG-1,2, 
South African Gold Mine Euryarchaeote Group 1, 2. A euryarchaeal outgroup is used and 
branch length scale bar represents 0.1 substitutions per site. 
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3.4.3 Amplification of functional genes of the nitrogen cycle 
 Genomic DNA samples from water filtered at 7025’ boreholes D1, D3, D4 and P4 
(P4 is borehole D4 with packer inserted for 2 weeks prior to sample collection) were 
subjected to amplification of functional genes of the nitrogen cycle. The first gene 
assessed, nifH, which encodes for a subunit of the N2-fixing nitrogenase enzyme, was 
amplified only from borehole 7025’ P4 DNA, although amplification was attempted on 
DNA from the other boreholes. Initially, three different sizes of product were amplified 
and the product of the same size as the product from bacterial positive control 
Clostridium acetobutylicum DNA was cleaned, and a nested PCR performed. Cloning 
and sequencing of this product resulted in retrieval of 39 nifH sequences of 371 bp. Table 
3.3 is a list of each unique nifH sequence amplified from this sample, the number of 
identical sequences detected (phylotypes defined by >90% identity in amino acids), along 
with its closest BLAST database match and percent identity.  
 The amoA gene for bacterial ammonia oxidation could not be amplified from any 
of the four DNA samples. DNA from a Japanese Gold Mine that contained AOB 
(Hirayama et al., 2005) was used as a positive control to ensure that this was indeed a 
negative result and not due to a problem with the amplification protocol. The lack of 
bacterial amoA genes is perhaps not surprising because no 16S rRNA sequences 
belonging to AOB (i.e. Nitrosomonas and Nitrosospira genera) were detected from any 
of the Henderson fluid samples (Sahl et al., 2008). When the archaea-containing DNA 
sample from borehole 7025’ P4 was subjected to amplification of the archaeal 
ammonium-oxidation gene, amoA, it resulted in the retrieval of 43 amoA sequences of 
~700 bp. DNA from other boreholes was not assessed because they did not contain 16S 
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rRNA genes belonging to archaea. Unique phylotypes recovered based on nucleotide 
sequences are reported in Table 3.2.  
Because none of the proteobaterial nitrifying organisms (i.e. Nitrobacter, 
Nitrococcus and Nitrospina) were detected in the borehole DNA samples by 16S rRNA 
techniques (Sahl et al., 2008), the genes encoding for nitrite oxidase from these 
organisms were not targeted. Owing to the presence of nitrite-oxidizing Nitrospira 16S 
rRNA sequences only in 7025’ P4 DNA, amplification of nxrB gene with Nitrospira-
specific primers was attempted for this DNA sample only. As the nxrB gene is related to 
genes from the nar family that encodes for nitrate reductase in phylogenetically-diverse 
organisms, it was necessary to choose primers specific to the Nitrospira genus. This was 
a difficult task as only one definitive Nitrispira nxrB gene sequence exists in the public 
database. Because of this, primers designed to amplify nxrB from the one Nitrospira 
genome, Ca. Nitrospira defluvii were used (Lücker et al., 2010). The primers amplified 
several differently-sized products, and as such are non-specific and should not be used in 
future amplification of nxrB from environmental DNA. However, one sequence of ~339 
bp was retrieved, and it was 93% identical to the Ca. Nitrospira defluvii nxrB amino acid 
sequence (Table 3.3).   
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Table 3.3 
     
Phylotype1 # of clones 
Closest database match 
(cultured) 
% identity 
(nucleotide) 
% identity 
(amino 
acid) 
Accession 
number 
nifH 
     
P4nifH_1 37 
uncultured soil bacterial clone 
c1-Hw6 nifH NA 91 AAO48684 
P4nifH_10 2 
Opitutaceae bacterium TAV2 
nifH NA 90 
ZP_037237
45 
      amoA 
     P4AamoA_2
3 7 Hot Spring clone EVcDNA-32 100 NA EU553476 
P4AamoA_5
8 2 Acidic red soil clone AOA-R22 98 NA FJ517351  
P4AamoA_1
2 2 Hot Spring clone BLZ2-D2 100 NA GQ226098 
P4AamoA_8 32 Hot Spring clone LZt1-A17 97 NA GQ226122 
      nxrB 
     P4nxrB_122 1 Ca. Nitrospira defluvii nxrB1 NA 93 FP929003 
nifH phylotypes are >90% similar in amino acid sequence 
 
3.4.4. Phylogenetic analysis of functional genes 
3.4.4.1 nifH phylogeny 
For the nifH and nxrB sequences, nucleotides were translated to amino acids 
based on the high nucleotide sequence divergence observed in these genes relative to the 
more conserved archaeal amoA nucleotide sequences. For nifH, the translated protein 
sequences defined two phylotypes, shown in the phylogenetic tree in Fig. 3.7. One 
phylotype (P4nifH_1; n=2 sequences) clusters with Verrucomicrobia nifH sequences and 
encodes a C-type nitrogenases (characteristic of Clostridium, Gram positive bacteria and 
δ-Proteobacteria) (Mehta et al., 2003; Young, 2005). However, there were no 
Verrucomicrobial 16S rRNA gene sequences detected in this sample. The gram positive 
group includes the Paenibacillus that are known to fix nitrogen (Canfield et al., 2005), 
and Paenibacillus were isolated from Henderson Mine (Mayhew et al., 2008). No nifH 
sequences were retrieved from the DNA of the Paenibacillus isolates with the nifH 
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primers used in this study, suggesting nifH may not be present in Henderson Mine 
Paenibacillus. The second phylotype (P4nifH_10; n=37 sequences) clusters separately, 
near to nifH sequences from the Nitrospira phylum and encodes B-type nitrogenases 
(characteristic of Proteobacteria, Cyanobacteria and Firmicutes) (Young, 2005).  
The nifH amino acid tree is shown next to the 16S rRNA nucleotide tree in order 
to compare the topology of the two trees (Fig. 3.7). The phylogenetic relationship of nifH 
from the P4nifH_10 (n=37) is closest to that of a nifH sequence from 
Thermodesulfovibrio yellowstonii DSM 11347 in the Nitrospirae phylum. By 
comparison, the 16S rRNA gene sequence of T. yellowstonii DSM 11347 is mostly 
closely related to the 16S rRNA gene sequences representing the “Henderson candidate 
division”. This is a novel phylum that was first detected in Henderson fluids, and is 
present in 7025’ P4 DNA. The similarity in topology between the two trees suggests that 
the nifH sequences may belong to the “Henderson candidate division” organisms. 
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Fig. 3.7 Diagrammatic representations of the best-scoring maximum likelihood tree for 
16S rRNA nucleotide sequences and their corresponding translated nifH sequences from 
bacteria of the Verrucomicrobia, Proteobacteria, Firmicutes, Cyanobacteria, Nitrospira, 
Aquificae and Chlorobi phyla. Henderson sequences are in bold. The trees are rooted 
with archaeal sequences in both cases. The trees are shown side by side to highlight the 
similar topology for some phyla (i.e. Verrucomicrobia), while others (i.e. Proteobacteria) 
are different, indicating the predominance of vertical and horizontal nifH inheritance, 
respectively. Scale bars show 0.2 substitutions per site. 
 
3.4.4.2 Archaeal amoA phylogeny 
The nucleotide sequences of amoA detected in 7025’ P4 DNA are shown with 
other environmental and pure culture amoA sequences in Fig. 3.8. Four distinct 
phylotypes are defined for the 7025’ P4 amoA sequences, and they group together with 
other sequences from a mine adit in Colorado and hot springs clones in China (Jiang et 
al., 2010; Spear et al., 2007; Zhang et al., 2008a). Two of each of the four phylotypes 
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falls into a previously described cluster of amoA (Beman and Francis, 2006), which are 
determined by a common node with high bootstrap values. 
 
 
Fig. 3.8 Schematic representation of the best-scoring maximum likelihood tree generated 
by an alignment of nucleotide sequences corresponding to the archaeal amoA gene 
amplified from this study and other environments and pure cultures. The phylotypes from 
this study fall into four distinct sub-clusters within the previously defined A and B 
clusters (Beman and Francis, 2006). The bacterial amoA outgroup has been removed for 
visual clarity. The scale represents 0.4 substitutions per site. 
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3.4.4.3 nxrB phylogeny 
The phylogenetic relationships of 16S rRNA sequences of isolates and 
environmental clones from the Nitrospira genus as well as those detected in 7025’ P4 
DNA are shown in Fig. 3.9, where previously identified phylogenetic clusters of 
Nitrospira are noted (Daims et al., 2001; Lebedeva et al., 2011). The two sequences 
retrieved from Henderson Mine do not fall within any of the six established clusters. 
Instead, they group closely with another sequence retrieved from the South African Au 
Mines (Gihring et al., 2006). The bootstrap values that support this topology are all 
>90%, suggesting that this may be a novel cluster of subsurface Nitrospira. The nxrB 
sequence retrieved from 7025’ P4 DNA was converted into amino acid and aligned with 
the nxrB sequences from the Nitrospira genus and nxrB from other nitrifying bacteria, as 
well as with sequences of the nar genes (encoding the nitrate reductase enzyme) from 
more phylogenetically-diverse organisms. The translated nxrB sequence retrieved in this 
study was 93% identical to that of the only known Nitrospira nxrB sequence, from Ca. 
Nitrospira defluvii (Lücker et al., 2010). A phylogenetic tree of these sequences and other 
related sequences is presented in Fig. 3.10. At least one attempt to amplify nxrB was 
successfully made from another subsurface sample, that of a Japanese Au mine where the 
genus Nitrospira was present based on 16S rRNA gene surveys. The translated sequences 
retrieved are included in Fig. 3.10, but group more closely with nxrB translated sequences 
from Proteobacteria. 
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Fig. 3.9 Phylogenetic relationship of nitrite-oxidizing bacteria (NOB) in the Nitrospira 
genus as determined by an alignment of the 16S rRNA nucleotide sequences, represented 
with the best-scoring maximum-likelihood tree. Clusters I-VI are marked (after Daims et 
al., 2001; Lebedeva et al.). The two clones retrieved from Henderson Mine do not group 
in a known cluster, but bootstrap values support their inclusion in a new, deep subsurface 
cluster with a South African Au Mine clone. Bootstrap values are shown, and the scale 
bar represents 0.1 substitutions per site. The proteobacterial outgroup has been removed 
for simplicity. 
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Fig. 3.10 Best scoring maximum likelihood phylogenetic analysis of amino acid 
sequences for nxrB and related nar genes. The Henderson nxrB amino acid sequence 
retrieved in this study, P4nxrB_122 (bold) is highly similar to the sequence of nxrB in 
Ca. Nitrospira defluvii, and this relationship is supported by high bootstrap values. The 
other nxrB sequences belong to organisms of the Proteobacteria, except for the Japanese 
Au mine clones, whose affiliation is unconstrained. Scale bar represents 0.6 substitutions 
per site. 
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3.5 Discussion 
3.5.1 Geological contributions to the subsurface nitrogen cycle 
 Geological nitrogen, as NH4+ substituted for K+, could not be detected in biotites 
collected from Precambrian metasedimentary rocks surrounding Henderson Mine or the 
Precambrian Silver Plume granite that intruded these metasediments and in turn hosts 
Henderson granite and ore-bearing stocks (e.g. variably containing molybdenite, quartz, 
K-feldspar, biotite, fluorite, pyrite or magnetite). Because the metasediments and Silver 
Plume granite do not show evidence for NH4+ in biotites, it is unlikely that the Henderson 
granite or stocks would have taken up NH4+ directly from either of these sources when 
they were emplaced (i.e. Itihara and Honma, 1979). This observation is consistent with 
Pb isotopic analysis suggesting that when Henderson stockworks intruded, they had little 
chemical exchange with wall rocks (i.e. Silver Plume granite; Stein, 1985; Stein and 
Hannah, 1985). If no evidence supports interaction with the stocks and wall rocks, it is 
even more unlikely the stocks and intruding granite chemically interacted with the 
metasediments, which they do not intrude directly. Furthermore, NH4+ was not present in 
muscovites that formed after hydrothermal alteration of the Henderson granite. This is 
consistent with the interpretation that the suite of hydrothermally altered minerals at 
Henderson formed due to the introduction of juvenile, magmatic fluids that that did not 
interact with the surrounding metasediments, granite or groundwater (Seedorff and 
Einaudi, 2004b), precluding the hydrothermal introduction of NH4+ from surrounding 
metasediments (i.e. Hall et al., 1991).  
Biotites of the Tertiary Henderson granite and the ore-bearing stocks could supply 
NH4+ to the subsurface fluids in boreholes of 7025’ level if they contained NH4+, but 
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FTIR analyses of subsurface biotite samples did not detect NH4+. Because the Henderson 
intrusions did not interact with the upper crust, if these rocks did contain NH4+, it would 
need to be supplied by the Proterozoic basement, which is the most likely source of 
Henderson granite and Mo based on their εNd and εSr values (Farmer and DePaolo, 1984). 
Although an appropriate mid- or lower crust sample was not available for FTIR analysis 
to screen for NH4+-content, the lack of NH4+ in biotites of Henderson granite and stocks 
suggests that the source material for these intrusive suites did not contain NH4+. As 
biotites generally have the highest NH4+ contents of silicate minerals (Honma and Itihara, 
1981), it is unlikely that NH4+ is present in other phases (i.e. muscovite and potassium 
feldspar) that were not evaluated from the same samples. 
While this study has not found support for a geological source of nitrogen as 
NH4+ for the subsurface microbial community at Henderson Mine, this hypothesis is 
worth investigating at other subsurface sites in the future. Subsurface Au mines in South 
Africa and Japan bear fluids with nitrogen in multiple redox states in fluids (Gihring et 
al., 2006; Hirayama et al., 2005), and evidence for nitrification in the Japanese setting 
was established via functional gene studies. Geological nitrogen could serve not only as a 
nutrient but also as an energy source, and although the utilization of geological energy 
sources and nutrients from minerals common in the Earth’s crust has been investigated 
(Edwards et al., 2003a; Rogers and Bennett, 2004; Rogers et al., 1998; Shelbolina et al., 
2010; Wu et al., 2009; Wu et al., 2008), the microbially-mediated release and utilization 
of mineral-bound nitrogen has not been assessed. Further investigation of whether 
subsurface microbes are able to utilize geological nitrogen is clearly needed, and likely 
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will need to combine geochemical and isotopic techniques with the rapidly evolving tools 
of molecular biology.  
Other sources of NH4+ that are not geological or biological were not evaluated for 
several reasons. Although nitrogen compounds could have been introduced to subsurface 
fluids from the blasting agent ammonium nitrate fuel oil (ANFO) that was used 
extensively at Henderson (Jensen et al., 1983), the boreholes where NH4+ was detected 
flowed directly out of solid rock that was not in the vicinity of blasting, and the boreholes 
had flushed for several months. A meteoric source was unlikely as well, as the most 
dilute, meteoric-dominated waters contained the lowest levels of N (as NH4+, NO2- and 
NO3-) (Fig. 3.2), and they should be highest if there is a meteoric source of N being 
diluted by rock-reacted fluids. Colorado does have high levels of nitrate (~20 µM) in the 
mountains from industrial activities (Mensing, 2005) that could be transported to the 
subsurface in meteoric water. However, the dilute borehole waters at Henderson have an 
average age of 13,000 years based on 14C dating, and is dominantly pre-1950s based on 
tritium content (Sahl et al., 2008), further underscoring that this modern meteoric water is 
not likely to be the nitrogen source to subsurface fluids.  
 
3.5.2 Biological fixation as a source of subsurface ammonium 
While there is no evidence for a geological source of ammonium in the biotites 
tested from Henderson Mine, the presence of nifH genes in DNA from borehole 7025’ P4 
suggest that microbes inhabiting these fluids are capable of fixing N2 gas to NH4+. The 
nifH gene was only amplifiable in DNA from 7025’ P4, which was the borehole sample 
with the highest NH4+ concentration, and nifH was not detectable in the DNA samples of 
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boreholes with the lowest measured concentrations of NH4+ (Fig. 3.1). This finding 
implies that nitrogen can be biologically fixed to NH4+, enhancing NH4+ concentrations in 
borehole 7025’ P4 fluids, instead of being supplied from the breakdown of NH4+-bearing 
minerals that is suggested by the trends in Fig. 3.2.  
There is ~90 µM N2 gas present in these fluids, and although this is nearly an 
order of magnitude lower than optimal for the microaerophilic N2-fixing organism 
Xanthobacter autotrophicus (Berndt et al., 1976), it may still be sufficient substrate for 
nitrogen fixation microbes in Henderson fluids via the following reaction: 
N2 + 10H+ + 8e- + 16ATP à 2NH4+ + H2 + 16ADP        (3.3) 
If organisms from borehole 7025’ P4 are performing this reaction, they would need to be 
utilizing another metabolic reaction to generate ATP and electrons from substrates 
available in the borehole fluids. Despite this energetic strain, N2-fixation does occur in 
deep-sea sulfate-reducing methanotroph consortia, whose syntrophic metabolisms 
provides one of the lowest energetic yields known to sustain microbial life (~40 kJ/mol 
electron transferred to support two organisms; Dekas et al., 2009). Although specific N2-
fixing organisms have not been identified in Henderson fluids, the thermodynamics of the 
fluids predict that oxidation of organic and inorganic (Fe, S) electron donors under 
microaerophilic or anaerobic (excluding sulfate reduction) conditions can yield more 
energy than supports the deep-sea methanotrophic consortium (Swanner, unpublished 
data). Nitrogen fixation may be energetically supported by consumption of the available 
substrates in Henderson fluids. 
Another consideration in assessing the likelihood that biological nitrogen fixation 
is occurring is that NH4+ is present in Henderson fluids up to 10 µM, and N2-fixation may 
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be inhibited as ammonium does not appear to be a limiting substrate. However, nitrogen 
fixation was occurring by deep-sea consortium in sediments that contained ammonium 
(Dekas et al., 2009), which suggests that nitrogenase activity is not always regulated by 
NH4+ concentrations. A lack of regulation on N2-fixation by NH4+ concentrations up to 
94 mM has been recently documented for the verrucomicrobial methanotroph 
Methyloacidiphilum fumariolicum strain SolV (Khadem et al., 2010), and certain 
proteobacteria nitrogenases also appear to be unregulated by NH4+ (Rudnick et al., 
1997). While it appears in some cases that nitrogen fixation is not inhibited by 
ammonium, in other cases, the transfer of ammonium between nitrogen-fixing and 
ammonium-utilizing microbes may not be very efficient. Nitrogen-fixing cyanobacteria 
from the Baltic Sea have been observed to lose up to 30% of their fixed nitrogen to bulk 
surroundings, while the remainder was taken up by nearby colonies of vegetative cells 
nearby (Ploug et al., 2010). The implications of these findings for N2-fixation in 
Henderson fluids are that N2-fixation could be carried out by organisms unable to 
regulate NH4+ production or that ammonium may be quickly lost from the vicinity of 
fixation and uptake, driving further fixation despite the energetic cost. 
There were two distinct sets of nifH sequences in the DNA from borehole 7025’ 
P4, suggesting at least two phylogenetically-distinct organisms inhabiting this borehole 
possess the gene. It is well established that nifH tree topology often mirrors topology of 
the 16S rRNA gene tree (Hennecke et al., 1985; Normand and Bouquet, 1989; Young, 
2005). The topology of nifH sequences from 7025’ P4 (Fig. 3.7) reveals that the two 
7025’ P4 nifH phylotypes fall into two distinct groups: one with the type-C nifH and the 
other with the type-B nifH. The first nifH phylotype (P4nifH_1; 2 sequences) groups with 
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Verrucomicrobia nifH, but no 16S rRNA from Verrucomicrobia were detected in the 
DNA of 7025’ P4. This phylotype of nifH may source from the Chlorobi in 7025’ P4 
DNA, which are phylogenetically close to Verrucomicrobia by 16S rRNA and nifH 
measures. Chlorobi 16S rRNA genes were detected in this sample (table 3.2), although 
the Henderson nifH and Chlorobi nifH protein sequences were only 91% similar. 
The second phylotype of nifH (P4nifH_10; 37 sequences) from 7025’ P4 DNA 
was much more abundant than the first phylotype, implying the organisms from which 
these sequences came from must be much more abundant in the sample. In fact, the most 
dominant organism in this sample by the measure of 16S rRNA gene sequences (37%) 
are the novel phylum Henderson candidate division that were first detected in the 
Henderson environment (Sahl et al., 2008), and subsequently detected in seafloor basalt 
(Omoregie et al., 2008; Santelli et al., 2008). The 16S rRNA tree in Fig. 3.7 and the 
phylogenetic analysis of Sahl et al. (2008) demonstrate that the closest related phyla to 
Henderson candidate division are the Acidobacteria and the Nitrospirae. Comparing this 
to the nifH tree in Fig. 3.7, the P4nifH_10 phylotype is similarly related to the 
Nitrospirae sequence from T. yellowstonii. There were Nitrospirae 16S rRNA sequences 
detected in this sample, but they belong specifically to the Nitrospira genus, whose only 
representative sequenced genome does not contain any homologs to the nifH gene, 
suggesting this genus is unlikely to fix nitrogen (Lücker et al., 2010). There were also 
Acidobacteria 16S rRNA sequences detected in the 7025’ P4 DNA sample, but these 
organisms are also unlikely to possess nif genes based on sequenced genomes of the 
phylum showing no evidence for the ability to fix nitrogen (Ward et al., 2009). If 
Henderson candidate division bacteria have nif genes they could presumably carry out 
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nitrogen fixation, and this would be a helpful adaptation to the low nutrient subsurface. 
Such an adaptation has been hypothesized for an organism inhabiting a subsurface Au 
mine in South Africa, which possesses genes for N2 and CO2 fixation that make it a truly 
autotrophic and independent-living organism (Chivian et al., 2008).  
One way to indirectly infer whether Henderson candidate division bacteria 
possess nitrogenase genes is through quantitative PCR of the nifH and 16S rRNA genes 
from 7025’ P4 DNA with primers specifically designed to amplify only the target 
sequences. However the nif operon is sometimes duplicated in organisms (Young, 2005) 
and so a correspondence between the quantity of Henderson candidate division 16S 
rRNA and nifH genes would not necessarily be meaningful. The most definitive way to 
establish whether Henderson candidate division possesses this specific nifH would be to 
acquire large, contiguous sequences of DNA that contain both the 16S rRNA gene and 
the proposed nif operon of the Henderson candidate, either by a complete metagenome or 
a targeted fosmid, cosmid or a bacterial artificial chromosome (BAC) library as has been 
done for AOA amoA genes from soil samples (i.e. Treusch et al., 2005). As extensive 
culturing campaigns have been undertaken on these samples and Henderson candidate 
division was not isolated or enriched (unpublished data), this molecular approach would 
be the most fruitful for understanding the role of these organisms in the subsurface 
microbial community. 
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3.5.3. Nitrogen fixation drives ammonia oxidation 
Ammonium oxidation (eq. 3.1) is thermodynamically favorable in borehole 7025’ 
P4, with a ΔG of -38 kJ/mole electrons transferred. No AOB were detected by 16S rRNA 
or bacterial amoA genes, but archaeal 16S rRNA and amoA sequences were amplified. 
The archaeal organisms detected in borehole 7025’ P4 belong to the phylum 
Crenarchaeota, which have only recently been characterized as AOA (Könnecke et al., 
2005). The ensuing widespread detection of AOA in soils, estuaries and marine 
environments and their abundance worldwide relative to AOB signifies that these 
organisms likely do account for a large portion of both terrestrial and marine nitrogen 
cycling (Francis et al., 2007). The 7025’ P4 archaeal 16S rRNA sequences group with 
those detected in South African, Japanese and American Au mines (Nunoura et al., 2005; 
Rastogi et al., 2010; Spear et al., 2007; Takai et al., 2001) and archaeal amoA genes from 
two other terrestrial subsurface environments (Spear et al., 2007; Weidler et al., 2007). 
This study is the third to amplify archaeal amoA from a terrestrial subsurface setting, and 
the phylogenetic relationships defined in Fig. 3.8 between these sequences and those 
from the other subsurface environments suggest that their may be a unique phylogeny of 
subsurface and hot spring amoA as is seen for the 16S rRNA sequences of subsurface 
Crenarchaeaota (Fig. 3.6; Takai et al., 2001), and also that the contribution of AOA to 
terrestrial subsurface nitrogen cycling may be significant. 
The presence archaeal amoA in the 7025’ P4 DNA sample and absence of the 
bacterial version of this gene that is found in Nitrosomonas, Nitrosococcus and 
Nitrosospira may explain the geochemical conditions in the borehole. The sub-millimolar 
concentration of NH4+ (~112 µm) in borehole P4 is ideal for AOA who are inhibited by 
	   118 
higher concentrations of NH4+ (i.e. 2-3 mM). One cultivated AOA, Nitrosopumilis 
maritimus has an ammonia monoogygenase enzyme that reaches maximal activity at 
NH4+ concentrations that are 100-fold less than those observed for AOB enzymes 
(Martens-Habbena et al., 2009). The O2 concentration may also favor AOA who thrive 
when dissolved O2 is 3-20 µM (Ergruder et al., 2009). While the concentration of 
borehole P4 is only 1.3 µM, it is closer to this range than it was before packer insertion 
(118 µM), and may still favor AOA over AOB. The archaea were only detected after 
packer insertion, further supporting their adaptation to thrive in low-O2 niches. The 
presence of sulfide in wastewater reactors and estuary sediments has an inhibitory effect 
on the activity of AOB relative to AOA (Caffrey et al., 2007; Sears et al., 2004), and a 
similar phenomenon has been observed in cultivated AOB (Hooper and Terry, 1973). 
Sulfide was not measured in Henderson fluids, but may be present due to the amount of 
sulfide minerals at Henderson. AOA are also preferentially found in low nutrient 
environments (Ergruder et al., 2009), and they seem to be adapted to higher salinity 
(Bernhard et al., 2010) and temperatures above 40°C (Zhao et al., 2011), and all of these 
conditions are characteristic of Henderson fluids. Furthermore, AOA are 
phylogenetically-diverse, and this diversity may underscore their adaptation to diverse 
environmental conditions relative to the phylogenetically-restricted AOB (Francis et al., 
2005).  
AOB and AOA are not the only organisms capable of oxidizing ammonia. 
Methanotrophs can also oxidize ammonia due to the broad substrate specificity of the 
enzyme methane monooxygenase. This is because the particulate form of methane 
monooxygenase (pMMO) is related to ammonia monooxygenase; however, 
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methanotrophs cannot grow using ammonia as a substrate, nor can ammonia oxidizers 
grow using methane as a substrate (Bédard and Knowles, 1989; Hanson and Hanson, 
1996). Bacterial methanotrophs reside within the α- and γ-Proteobacteria. Both of these 
proteobacterial divisions were detected in borehole 7025’ P4 DNA via 16S rRNA, and 
the fluids from this sample contained submicromolar levels of methane. However, the 
closest isolated methanotrophs were only 92% related to the 7025’ P4 α-Proteobacterial 
sequence, and only 86% identical to the 7025’ P4 γ-Proteobacterial sequences. Although 
no evidence supports methanotroph ammonia-oxidizing activity at Henderson, this 
process may be significant in the Japanese gold mine where methanotrophs and pmoA 
were abundant (Hirayama et al., 2005). Some methanotrophs can also fix nitrogen 
(Auman et al., 2001; Hanson and Hanson, 1996), which could drive nitrification in the 
Japanese gold mine by supplying ammonia, or at the very least confer a selective 
advantage for methanotrophs inhabiting low-nutrient subsurface habitats, as is 
hypothesized for a Japanese uranium mine (Mills et al., 2010). 
 
3.5.4 Nitrite oxidation by Nitrospira 
Despite the limited sequence data available for the Nitrospira nxrB gene, the 
primers of Lücker et al. (2010) that were specific to Ca. Nitrospira defluvii did 
successfully amplify nxrB from the DNA sample of 7025’ P4, which contained 
Nitrospira 16S rRNA sequences but no 16S rRNA sequences corresponding to 
proteobacterial nitrite-oxidizers (i.e. Nitrobacter, Nitrococcus and Nitrospina). Because 
of the high similarity of the amino acid sequence of this gene to that of the one definitive 
Nitrospira nxrB from Ca. Nitrospira defluvii, it is likely this is an actual Nitrospira nxrB. 
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Alternatively, this sequence could encode a nar gene or a nxrB gene from proteobacteria.  
Nar encode for the related enzyme nitrate reductase, and shares an amino acid sequence 
with nxr-encoded genes that is thought to be the binding site for NO2-/NO3- (Lücker et al., 
2010). However, the phylogenetic distance of this sequence to nar genes and nxrB of 
proteobacterial origin support the hypothesis that this is a Nitrospira nxrB sequence (Fig. 
3.10). Also, because no other nitrifying organisms were detected in this sample (Fig. 3.5 
and 3.9), amplifying a proteobacterial nxrB is unlikely. However, without direct 
evidence from a metagenome or other long, contiguous sequences of DNA that contain 
both the 16S rRNA and nxrB, whether or not the nxrB genes from this study belong to 
Nitrospira is something that cannot be definitively established. 
Putative nxrB sequences were amplified from a Japanese Gold Mine samples in 
which Nitrospira were also present (Hirayama et al., 2005). The Japanese Gold Mine 
nxrB sequences do not group closely with the nxrB amplified in this study and from the 
metagenome of Ca. Nitrospira defluvii (Lücker et al., 2010), but rather with nxrB from 
proteobacteria (Fig. 3.10). This suggests that the primers designed to amplify nxrB from 
the Japanese Gold Mine sample may not have targeted Nitrospira nxrB, although no 
Nitrospira nxrB sequences existed at that time to aid in primer design. The nxrB primers 
used by Hirayama et al. were used on Nitrospira-containing 7025’ P4 DNA, but no 
product was amplified. These observations highlight the lack of sequence data for the 
Nitrospira genus as a whole. Future efforts at retrieving quality environmental sequence 
data for this phylum will certainly aid in understanding the evolutionary history of the 
enzymes involved in nitrite/nitrate oxidation and reduction and the organisms that 
possess them. This study contributes additional sequence data of Nitrospira nxrB that will 
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aid in developing better primers for future functional gene studies that will enhance our 
understanding of the distribution and activity of Nitrospira. 
Knowledge of the physiological characteristics of the genus Nitrospira is defined 
primarily by three pure cultures of obligately lithotrophic nitrite-oxidizers (Ehrich et al., 
1995; Lebedeva et al., 2008; Lebedeva et al., 2011; Watson et al., 1986). These 
organisms were isolated out of both freshwater and marine habitats (Koops and 
Pommerening-Röser, 2001), as well as hot springs (Lebedeva et al., 2011), suggesting 
their ecology is not limited to one type of geochemical environment. The abundance of 
Nitrospira in nitrite-oxidizing environments in comparison to Proteobacterial nitrite-
oxidizers (i.e. Nitrobacter) is evidence for their contribution to nitrite oxidation in a 
number of environments (Daims et al., 2001). The Nitrospira genus seems to be inhibited 
by higher concentrations of nitrite (i.e. >5-15 mM) (Ehrich et al., 1995; Lebedeva et al., 
2011) and O2 (Altmann et al., 2003) than are preferred by Nitrobacter species (Daims et 
al., 2006; Ehrich et al., 1995). Nitrospira have now been detected in three subsurface 
settings where O2 was <10 µM and NH4+ did not exceed 120 µM (i.e. borehole 7025' P4; 
Hirayama et al., 2005; Weidler et al., 2007). Nitrospira may well be quite common in 
subsurface settings that contain NH4+, and future investigations may uncover more 
phylogenetic and physiological knowledge about this important genus. 
 
3.5.5 Other considerations for nitrogen cycling at Henderson Mine 
Nitrate reduction using reduced sulfur compounds, methane or Fe(II) in borehole 
7025’ P4 could release between -15 and -60 kJ/mol of electrons transferred. Thus it is 
possible that denitrification could also be occurring in this setting, widening the effect 
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that subsurface nitrogen fixation and nitrification may have in supporting the energetic 
needs of the microbial community. Nitrate is utilized as an electron acceptor by 
phylogenetically-diverse organisms, particularly the Proteobacteria, which were 
common inhabitants of borehole 7025’ P4 based on 16S rRNA sequences. Another 
possible microbially-mediated reaction is anammox, the anaerobic oxidation of 
ammonium with nitrite (Fig 3.1). This reaction is less likely in Henderson, because the 
thermodynamics are unfavorable, and no organisms belonging to the phylum 
Planctomycetes were detected at Henderson, and only these organisms are currently 
known to carry out anammox (Kuenen, 2008). 
It is likely not a coincidence that nitrogen fixing and nitrifying organisms inhabit 
fluids draining from a molybdenum mine. Mo is required for nitrogenase activity in 
organisms possessing B- and C-type nitrogenases, which are the enzymatic systems 
encoded by the nifH phylotypes of 7025’ P4. Mo also plays a catalytic role in the nitrite 
oxidoreductase enzyme used in nitrite oxidation (Kroneck and Dietmar, 2002), and 
nitrate reductase enzyme for nitrate reduction and nitrate assimilation (Stiefel, 2002). 
Copper is used in nitrite and N2O reductases (Canfield et al., 2005), and this element was 
present in Henderson fluids, as was Fe, which is utilized in nearly all nitrogen processing 
enzymes. Future investigation into the enrichment of these organisms in subsurface mine 
environments will enhance our understanding of their activity relative to the presence of 
trace elements. Such knowledge will aid in interpreting the evolutionary history of 
nitrogen metabolisms as related to changes in trace element bioavailability (Zerkle et al., 
2005) 
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3.6 Conclusions 
This study demonstrates that resident microbes in the Henderson subsurface have 
the genetic capacity to fix nitrogen. This fixed nitrogen, as ammonium, is likely to be the 
primary nitrogen source for organisms living in the subsurface, as no evidence was found 
that ammonium was sourced geologically. The fixation of nitrogen has important 
consequences for the subsurface microbial community not only as an essential nutrient 
but because it can also be used as an energy source. There is evidence for nitrification in 
Henderson borehole fluids via detection of functional genes, specifically for archaeal 
ammonia monooxygenase (amoA) and nitrite oxidoreductase (nxrB). While other 
subsurface studies have detected the presence of genes encoding for paired archaeal-
bacterial nitrification (Hirayama et al., 2005 and Hisako Hirayama, pers. comm.; Weidler 
et al., 2007), neither study addressed the source of ammonium fueling this process or 
whether nitrite-oxidizing genes were derived from the Nitrospira genus, which was 
detected in both studies. This work also tentatively links nitrogen fixation to a novel 
phylum of bacteria that were first detected in Henderson fluids. This finding implicates 
the novel Henderson candidate division bacteria in an enzymatic process that supports the 
rest of the microbial community, although the metabolic reactions that energetically 
support Henderson candidate division and thereby would also be essential for active 
nitrogen fixation are unconstrained. The presence of nitrifiers in this setting also 
reinforces the idea that Crenarchaea and Nitrospira may be adapted to low nutrient and 
substrate environments, which may inform their numerical abundance and activity in 
other settings as well. Finally, this work highlights a lack of knowledge regarding 
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nitrogen transformations in the deep subsurface, biogeochemical processes that may be 
ubiquitous. 
	   125 
Chapter 4 
GEOMICROBIOLOGICAL POTENTIAL OF HENDERSON SUBSURFACE 
ENVIRONMENTS 
 
4.1 Abstract 
 Microbial life inhabits pore spaces and fractures deep within the solid rock of the 
continents down to several km. However, the nutrient and energy sources that support the 
deep terrestrial biosphere remain largely unconstrained. The Henderson Molybdenum 
Mine near Empire, CO is a hard rock laboratory for the study of life in granite. In this 
study, the geochemistry of Henderson subsurface fluids draining from boreholes was 
used to predict which inorganic electron donors and acceptors could support the energetic 
needs of the subsurface microbial community. Culturing of microbes from fluids and 
secondary minerals precipitating where the borehole fluids drained retrieved both Fe- and 
Mn-oxidizing microbes related to organisms detected in situ with 16S rRNA studies. 
Metal-oxidizing metabolisms were thermodynamically-favorable, underscoring the 
importance of metal oxidation in sustaining the subsurface microbial community. The 
presence of nitrogen in multiple oxidation states (NO3-, NO2-, NH4+, and N2) in 
subsurface fluids suggested that both nitrification and denitrification reactions could be 
favorable in this system, which was confirmed by thermodynamic calculations. 
Reduction of nitrate coupled to Fe(II) or organic carbon oxidation and reduction of Fe- 
and Mn-oxides coupled to reduced sulfur or organic carbon oxidation may be important 
anaerobic metabolism utilized by the resident microbes. Novel isolates related to 
organisms detected in situ may carry out some anaerobic reactions, although further 
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physiological characterization is needed. In contrast to other deep terrestrial 
environments, sulfate in Henderson Mine may not be an important electron acceptor for 
anaerobic organisms, based on thermodynamic predictions. These findings demonstrate 
the utility of paired geochemical, microbiological and molecular methods for unraveling 
the nutrient and energy sources supporting this biosphere.  
 
4.2. Introduction  
 Life as we know it on Earth utilizes chemical energy acquired through oxidation-
reduction reactions of aqueous, solid and gaseous species. In the microbial realm, a 
variety of redox reactions can support life for organisms that possess the enzymatic 
machinery needed to react the available electron donors and acceptors. Although the 
chemical reactions and enzymes that can support microbial life are diverse, the 
underlying biochemistry that harnesses energy into ATP molecules is the same, and there 
is likely to be a quantifiable threshold of energy needed to support life (Hoehler et al., 
2007).  Evaluation of the energy available from inorganic redox reactions in natural 
systems and the threshold of energy needed for either cell maintenance or cell growth has 
been proposed as means to assess habitability of extreme environments on Earth and 
other planets (Hoehler, 2007; Smith and Shock, 2007). Geochemically-derived energy 
sources (H2, Fe(II), CH4, S0, etc.) reacting with limited oxidants (e.g. CO2, SO42-, Fe(III)) 
were likely to be important to early Earth life and any pioneering extraterrestrial life, as 
photosynthetic systems appear to be later evolutionary adaptations (Blankenship, 1992). 
Thus, an understanding of the reactions sustaining microbial life in hard-rock subsurface 
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settings is paramount to any future assessment of extraterrestrial habitats for the presence 
of life (Hoehler et al., 2007).  
 The energetics of metabolic redox reactions have been evaluated in several hard-
rock subsurface settings within South African and Canadian Gold Mines based on 
measurements of aqueous, mineral and gaseous species (Kieft et al., 2005; Lin et al., 
2006a; Lin et al., 2006b; Moser et al., 2005; Onstott et al., 2006; Onstott et al., 2009; 
Trimarco et al., 2006). The South African fluids studied are uniformly predicted to be 
supporting microbes that oxidize H2 with sulfate as an electron acceptor. The free energy 
available for oxidation of H2 or organic material was also often favorable when coupled 
to other electron acceptors, such as Fe- or Mn-oxides (Kieft et al., 2005; Lin et al., 2006a; 
Onstott et al., 2006; Onstott et al., 2009). Efforts to determine the relevance of Fe- and 
Mn-oxide reduction in these systems were undermined by the lack of mineralogical 
constraint on which oxide phases existed in the host lithology, or which secondary 
minerals may have been forming in the fluids. Furthermore, the oxidation of Fe(II) to 
Fe(III)-oxides was not evaluated with any electron acceptors, even though this reaction is 
known to proceed with nitrate as an electron acceptor (Straub et al., 1996), and nitrate 
was detected in some of the fluids. Further characterization of the mineral phases within 
the fracture systems could have illuminated other redox reactions that may support 
organisms in these environments. 
The studies of energy-yielding redox reactions in the South African and Canadian 
gold mines used the measure ΔGr in units of kJ/moles, i.e. the Gibbs energy available 
from a reaction under the substrate concentrations encountered in subsurface fluids. 
However, each redox reaction involves the transfer of a characteristic number of 
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electrons, and cellular energy is coupled to this electron transfer. Dividing ΔGr by the 
number of electrons transferred (i.e. units of kJ/mol e-) yields values that can be 
compared between reactions with diverse substrates (McCollom and Shock, 1997). In 
addition, a useful way to easily compare which potential reactions are furthest from 
equilibrium in the environment is to calculate the “affinity” of each reaction, which is a 
measure of the energetic drive of toward equilibrium, where positive affinities have a 
driving force (Windman et al., 2007). Calculating affinity in units of kJ/mol e- allows for 
direct comparison of how much driving force each reaction has for a particular set of 
environmental conditions. Reactions with affinity of 0-20 kJ/mol e- are near equilibrium 
and often considered below the energy threshold needed to support cellular growth, 20-40 
kJ/mol e- may be able to support an increase in biomass, and greater than 40 kJ/mol e- 
yield the most useable energy for life (Shock et al., 2010). 
 
4.2.1 Henderson Molybdenum Mine, CO 
The Henderson Molybdenum Mine in Colorado harbors life in fluids draining 
from boreholes drilled into granite at a depth of 1 km (Sahl et al., 2008). When the 
boreholes were fitted with expandable packers to exclude mining tunnel air (i.e. O2) from 
the fluids (Fig. 4.1), the composition of the microbial community inhabiting the fluids 
based on 16S rRNA gene sequences shifted from being dominated by known aerobic 
organisms (i.e. Gallionella) to a completely novel and presumably anaerobic bacterial 
phylum (“Henderson candidate division”). The microbial community in pre- and post-
packer samples suggests that resident microbes are adapted to the geochemical conditions 
encountered in the environment, and if the conditions change the community rapidly 
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responds. However, many of the organisms detected in the fluids are not closely related 
to known cultivated organisms, and so it is difficult to determine what these organisms 
might do metabolically based on 16S rRNA sequences alone. This current study makes 
links between the microbial community present in borehole fluids as determined by 16S 
rRNA sequences to possible metabolic functions for these organisms through culturing 
and physiological characterization of isolates.  
 
 
Fig. 4.1 A borehole of the 7025’ level before (A) and after (B) insertion of a packer 
device. Mineralogical analyses of red and white minerals precipitating around the 
boreholes are discussed in the text, but the red phases were predominantly amorphous Fe-
oxides, and the white phases contained quartz. 
 
The potential metabolic functions of isolated organisms that were also detected in 
the Henderson fluids can be informed by determining which reactions can provide energy 
to support the resident Henderson microbes under the conditions encountered in both pre- 
and post- packer fluids. The breakdown of minerals that make up the orebody and granite 
of Henderson may provide the raw materials capable of supporting the energetic needs of 
resident microbial life. Several possible electron donors (i.e. Fe, Mn, S) present in 
Henderson minerals (such as pyrite, biotite, rhodocrosite) and others detected in the 
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subsurface fluids (i.e. CH4, NH4+) can serve as reactants in redox reactions that are 
known to be mediated by microbes if oxidants are present. In addition to putative rock-
derived substrates at Henderson, there are also chemical species present that may be 
derived from surface input (via meteoric water). The potential input of meteorically-
source water to the Henderson system is implicated based on the ∂2H and ∂18O values 
measured for some borehole fluids (Sahl et al., 2008), although whether this water is the 
dominant sources of oxidants (i.e. O2, NO3-) detected in situ to the subsurface remains 
unknown.  
 
4.3 Methods 
4.3.1 Fluid collection and analysis  
Fluids were collected and analyzed from boreholes at the 7025’ level twice, both 
before and two weeks after the insertion of a packing device and hose that served to 
return the fluids to a state where there was no O2 introduced from tunnel air (Fig. 4.1). 
The pre-packer data is designated with a D as “D1” for drill hole 1, and boreholes with 
packers in place are referred to as “P1” for packer. A portable pH meter was used to 
ascertain pH and temperature of the fluids. A portable dissolved oxygen meter was 
utilized only at the 7025’ level to measure temperature, dissolved oxygen and salinity. 
Fluids were collected in several ways in order to accommodate a variety of analyses. For 
major, trace element, and anion concentrations fluids were passed through a 0.45 µm 
filter. Samples for anion analysis were kept at 9°C until measurement by anion 
chromatography using a Dionex 4500i AS14 column. For major cations and trace metals, 
fluids were filtered into acid-washed containers, acidified with 0.01% trace metal grade 
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nitric acid (pH 3) and stored at 9°C. Major elements were analyzed on a 3410 Applied 
Research Laboratories inductively coupled plasma atomic emission spectrometer, and 
trace elements were analyzed by inductively coupled plasma mass spectrometry on a 
Perkin-Elmer Elan DRC-E mass spectrometer at the Laboratory for Environmental and 
Geological Studies (LEGS) at the University of Colorado, Boulder. Water samples were 
also collected for determination of dissolved organic carbon (DOC), dissolved inorganic 
carbon (DIC) and total nitrogen (TN) on a Shimadzu TOC-V equipped with a TNM-1 in 
the Biogeochemistry laboratory, Department of Geological Sciences, University of 
Colorado, Boulder. The samples were preserved by acidification with 0.1% hydrochloric 
acid and storage at 9°C until analysis. DIC and DOC were calculated from total carbon 
measurements made before and after acidification. Samples for nitrate, nitrite and 
ammonia were passed through a 0.45 µm filter and stored on ice until analysis by ion 
chromatography at the U.S. Geological Survey in Boulder, CO. 
 
4.3.2 Mineral collection and analysis 
 Each of the boreholes studied drained fluids into the mine tunnel and thick 
mineral mats were deposited around the mouth of each borehole (Fig 4.1A). The loose 
mineral mats from the 7150’ and 7025’ levels were scooped into sterile tubes with 
sterilized spatulas and stored at 9°C. The minerals ranged in color from white to red to 
silver to black. Due to this color variation, they were analyzed by several methods to 
identify the mineral constituents. Powder X-ray diffraction (XRD) measurements were 
conducted in the Department of Geological Sciences, University of Colorado, Boulder 
using a copper X-ray source. Mineral mats from the 7150’ borehole were further 
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analyzed by X-ray Absorption Spectroscopy (XAS) at the Stanford Synchrotron 
Radiation Laboratory (SSRL). Specifically, X-ray absorption near edge structure 
(XANES) and extended x-ray absorption fine structure (EXAFS) spectroscopy were 
performed at the Fe and Mn K-edges to determine the oxidation state and local 
coordination of Fe or Mn in the environmental samples, respectively. The samples were 
analyzed in fluorescence mode on BL 11-2 using a monochromator and a Lytle detector. 
Spectra were averaged, background subtracted and normalized to 1 above the edge jump 
using SixPack software (Webb, 2005). The E0 of each metal was calibrated by including 
an Fe or Mn foil between the ion chambers, and the empirical E0 was adjusted in SixPack 
to 7112 eV for Fe and 6539 eV for Mn. This software was then used to fit the data with 
linear combinations of spectra from known reference materials. The leucoberbelin blue 
compound was also used to colorimetrically detect the presence of Mn(III)/Mn(IV) 
oxides in the black mat (Krumbein and Altmann, 1973). 
 Mineral precipitates were combusted in a Carlo Erba elemental analyzer at the 
University of Colorado to determine total nitrogen (TN) and total carbon (TC) from pre-
weighed samples. Total organic carbon (TOC) was determined by measuring samples 
that had been acidified with hydrochloric acid to dissolve any carbonates prior to 
combustion. 
 
4.3.3 Thermodynamic calculations 
 The fluid chemistry data were used to speciate borehole chemical constituents 
reported above using Geochemist’s Workbench v.8 (GWB) in the module sp8 and the 
thermodynamic database thermo.com.v8.r6+.dat. Log Kr values for each reaction were 
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generated for 40ºC and pH of 6 in the rxn module of GWB from thermodynamic data 
compiled in thermo.com.v8.r6+.dat. Log Kr values for birnessite (Mn-oxide) were 
extrapolated from available data at 25°C. Redox reactions were taken from Shock et al. 
(2010) and modified so that only reactions known or postulated to be microbially-
mediated were included. Other reactions were modified to reflect the specific species 
present at the boreholes vs. the general reactants utilized by Shock et al. (i.e. Fe(OH)3 vs. 
goethite). Also, calculated predictions were utilized for H2S, which was not measured, 
but is likely present given the mineralogy. To do this, pyrite, which is present at 
Henderson Mine (Seedorff and Einaudi, 2004a) was input into the sp8 module of GWB 
along with the fluid chemistry. The activities of each species were quantified using the 
molal concentrations and activity coefficients determined by the sp8 module using a 
Debye-Hückel equation. The speciation and log Kr data were then used to calculate the 
chemical affinity of the reaction, where affinity (Ar) is defined as: 
 Ar = RT ln(Kr/Qr) (Shock et al., 2010)         (4.1) 
Qr is the activity product of the prevailing activities of products and reactants, calculated 
from the speciation data for each reaction detailed in table 4.2.  
 
4.3.4 Culturing and enrichment 
Samples for microbiological analysis were acquired from both fluid and minerals 
from the 7150’ and the 7025’ boreholes. Fluids were collected into sterilized containers 
and kept on ice (about 8 hours), and then at 9ºC permanently.  Minerals were scraped into 
sterile containers using spatulas that had been sterilized and kept at the same temperature 
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as fluid samples. For plugged borehole fluids, hoses were hooked to sterile, disposable 
syringes  with needles that introduced the fluids into sterilized, N2-evacuated bottles.  
The water chemistry acquired for boreholes from 7150’ was used to design a 
liquid media used in microbiological enrichments and experiments, called Henderson or 
“H” medium (Appendix D). Because boreholes of 7025’ had a lower solute load, for 
some experiments with samples from 7025’, half-strength, or “0.5X H” medium was 
used, as noted. In addition to basal “H” media, the basal medium for Thermus was also 
used in experiments. Two types of complex media were utilized: modified PYG medium 
(Emerson et al., 1989) and K-asw (asw, artificial seawater). The recipes for these media 
are detailed in Appendix D.  
Initial isolations were made directly from plates and targeted Mn-oxidizing 
organisms. Samples of fluids and minerals for inoculation were diluted 100-fold with 
filtered site water (0.4 µm) and about 100 µl dropped and spread onto plates made from 
K-asw and modified PYG plates. Plates were incubated at 40°C until growth of colonies 
was observed. Individual colonies were picked and streaked onto fresh plates for several 
generations (>5) until the colony appeared pure. Isolates that oxidized Mn (positive result 
when colony was reacted with Leucoberbelin blue) were prioritized for identification by 
sequencing of the 16S rRNA gene (see below). 
Enrichments were made for microaerophilic iron-oxidizing bacteria by using two 
different types of growth conditions. The first was anaerobic tubes containing basalt 
powder and 15 ml “H” media degassed with N2/CO2 (~80:20). 0.1 ml of air was added to 
these tubes weekly, and ~1 mM FeCl2 was added approximately monthly to create 
microaerophilic conditions hospitable to neutrophilic Fe-oxidizing bacteria (FeOB) 
	   135 
(Emerson et al., 2005). The second type of incubation was an FeS gradient tube made 
with “H” media (Fig. 4.2) (Emerson and Moyer, 2002). The gradient tube contains a 
“plug” or slurry of FeS immobilized with ~1% ultrapure agar dissolved in “H”-media. 
The overlay consists of “H” media made slushy by a small amount of ultrapure agar 
(0.25%). Fe(II) slowly releases from the plug and fluxes upward, as O2 diffuses down 
through the loosened cap. Where concentrations of Fe(II) and O2 are optimal for FeOB 
growth, a band of iron oxide forms, indicating growth. These two types of incubations 
were inoculated with 100-fold dilutions of site fluids and minerals and allowed to grow 
for 1-2 months. At that point a small amount of material (100 µl) was transferred to fresh 
incubations. Some gradient tube enrichments were also transferred into gradient tubes 
made with a small amount (100 mg) of Fe0 powder in lieu of an FeS plug. This was done 
to stimulate Fe-reducing bacteria (FeRB), who could utilize the Fe-oxides produced by 
the FeOB as an electron acceptor for H2 generated from reaction of Fe0 with H2O.  
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Fig. 4.2 Schematic cartoon of an FeS or Fe0 gradient tube. O2 enters through an open cap 
and diffuses down to oxidize Fe2+, which is released from the plug. When Fe0 is present, 
H2 is also released. 
 
After 7-8 generations, 100 µl of each incubation was plated onto either modified 
PYG or Thermus plates and grown at 40 or 50°C. Visible colonies were picked and 
restreaked onto a fresh plate. This process was repeated 5-7 times until the colonies 
appeared pure, and the isolates were then identified by sequencing of the 16S rRNA gene 
(see below). 
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Another type of incubation enriched for anaerobic Fe-oxidizing microorganisms 
that utilize nitrate as the electron acceptor rather than oxygen. These incubations were 
nearly identical to the setup of the microaerophilic incubations, except instead of air 
additions they were periodically (every 3-6 months) fed FeCl2 and KNO3. After several 
generations, isolations were made by plating 100 µl of these incubations onto “0.5X H”-
based plates amended with either 0.5 ml per L of 400 mM Fe(NH4)4SO4 (“H-F” plates) or 
“0.5X H” plates amended with 1 mM Fe-oxides and 0.375 g sodium citrate (“H-Fred” 
plates). Both plates were prepared anaerobically by bubbling the media for 15 min. with 
N2/CO2 before pouring. The plates were immediately transferred to an anaerobic chamber 
after solidification and allowed to equilibrate for several days. The plates containing 
Fe(NH4)4SO4 (“H-F” plates) were incubated in the anaerobic chamber to enrich for 
anaerobic FeOB, while those containing Fe-oxides (“H-Fred” plates) were incubated in a 
GasPak chamber with an H2/CO2 insert inside the anaerobic chamber to enrich for 
putative Fe-reducing bacteria (FeRB). 
 
4.3.5 Molecular biological techniques 
 Once pure cultures were obtained, they were grown in complex liquid media to 
achieve visible turbidity, if possible. The cultures were checked under light or fluorescent 
microscopy to ensure the morphology of the culture was uniform, implying purity. The 
cultures were also preserved in 20% glycerol at -80°C for posterity. Cells were harvested 
by centrifugation and DNA was extracted with the Qiagen DNeasy kit. Some isolates did 
not grown in complex liquid media. Single colonies of these isolates were plucked from 
growth plates and added directly into the PCR reaction. DNA was amplified using 1 µl of 
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each bacterial primer 27F (5’AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-
TACCTTGTTACGACTT-3’), 0.2mM dNTP, 1ul BSA and 0.5 units of Taq. PCR 
parameters were 95°C for 3 min., followed by 35 cycles of 95°C for 30s, 50°C for 30s 
and 72°C for 60s, and an extension step at 72°C for 7 min. The PCR product was cleaned 
with a Qiagen PCR cleanup kit, and DNA concentration was quantified at 260 nm by a 
UV-spectrophotometer. DNA was sequenced commercially by Seqwright (Houston, TX) 
using primers 27F and 1492R, as well as internal bacterial primers to verify the sequence 
of the insert with multiple reactions (68F, 338F, 515F, 1055F, 536R, 1074R, 1391R). The 
sequence data was assembled using Sequencher 4.7. and compared to the BLAST 
database (Altschul et al., 1990).  
 DNA extracted from the Fe gradient tube enrichments (FeS and Fe0) were 
subjected to cloning and sequencing of the 16S rRNA genes present prior to any isolation 
attempt. This revealed the composition of the microbial community that was enriched 
from the original sample under the chemical conditions imposed by the gradient tube. 
The overlay of the tube was collected into a sterile container and the Fe-oxides were 
digested by adding 10 drops of 100 mM ascorbic acid per 1 ml of overlay and incubated 
at 50°C for 1 hour. Following this, the agar was digested by adding 0.3 ml of Qiagen 
buffer QG to every 1 ml of overlay and incubating for another hour at 50°C. During this 
time, the sample was periodically vortexed to aid in solubilization. Once digested, the 
sample was spun at 10,000 rpm for 5 minutes to collect a cell pellet. The supernatant was 
discarded and the pellet was used for DNA extraction. 
 Because high Fe concentrations are known to interfere with DNA extraction 
(Zhang et al., 2008b), a more vigorous DNA extraction protocol was used on gradient 
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tube samples. The digested sample was added to bead tubes with 580 µl lysis solution 
(300 mM EDTA, 300 mM sodium chloride, 300 mM Tris-HCl pH 7.5), 70 µl sodium 
dodecyl sulfate (15%), 35 µl dithiothreitol. The tube was briefly vortexed then incubated 
at 70°C for 30 min. After cooling to 40°C, 14 µl of lysozyme (5% in water) was added 
and the tube was incubated at 37°C for 20 min. The sample was then prepped on a bead-
beater for 45 s. Afterward, 150 µl 1M potassium chloride was added and the tube was 
vortexed and incubated on ice for 5 minutes. The tube was centrifuged at 10,000 rpm for 
5 min. and the supernatant was transferred to a filter tube and centrifuged for 15 min. or 
more at 4000 rpm. The filter was rinsed with 400 ul TE buffer (10 mM Tris-HCl pH 7.5, 
1 mM EDTA), then inverted and DNA eluted in 100 ul TE by centrifuging for 15 min. at 
1000 rpm. 
 The 16S rRNA gene was amplified from gradient tube DNA as above with the 
bacterial primers (27F-1492R), and the PCR product was cleaned with a Qiagen PCR 
cleanup kit. No amplification was observed when primers specific to archaeal 16S rRNA 
were used. The products were cloned using a TOPO cloning kit into chemically 
competent cells. Colonies were selected from LB-kanamycin plates and the gene insert 
was amplified by PCR with M13F and M13R primers. The 16S rRNA products were 
again cleaned, quantified and sequenced as above.  
 Amplification of manganese-oxidation genes was undertaken for the isolated 
Bacillus sp., as related organisms have been shown to sometimes possess a multi-copper 
oxidase gene, mnxG, thought to be responsible for Mn-oxidation in the spore coat 
(Francis et al., 2002). All Bacillus isolates were initially tested for the presence of mnxG 
with degenerate primers, but no specific products were amplified (Dick et al., 2006). 
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Instead, the mnxG gene was amplified from genomic DNA using the primers mnxGIF 5’-
ACGCATGTCTTTCACTATCATGTTCAT-3’ and mnxGIR 5’-
AAATAAGTGGTCATGGAAGAACCATGC-3’ and the following PCR protocol: 30 
cycles of 94°C for 30 s, 45°C for 30 s and 60°C for 1 min., followed by 72°C for 15 min. 
(Francis and Tebo, 2002).  Products were either cleaned and directly sequenced, or 
cloned and sequenced, both as above. 
The 16S rRNA sequences of Bacillus isolates and the Actinobacteria isolate from 
direct plating were submitted to GenBank under the accession numbers EU004563 to 
EU004572, corresponding to the isolates HM06-01 to HM06-11. The 16S rRNA of two 
of the Ralstonia isolates from gradient tubes, HM08-01 and HM08-02 were submitted to 
GenBank under the accession numbers GQ505030 and GQ505031. 
 
4.3.6 Physiological Experiments 
 Pure cultures from direct plating were screened for the enzymatic ability to 
oxidize Mn, as has been noted for other spore-forming Bacillus species who appear to 
produce a Mn-oxidizing enzyme in their sporecoat (Francis et al., 2002). Isolates were 
grown on minimal media plates (K-asw media) amended with soluble Mn(II), because 
low nutrient levels induce sporulation. After one week, which is the experimentally-
determined amount of time for sporulation to occur, colonies were tested for the presence 
of encrusting brown Mn(IV)-oxides using the leucoberbelin reagent (Krumbein and 
Altmann, 1973).  
Pure cultures from Fe-oxidizing incubations were screened for the enzymatic 
capability to oxidize Fe in a heterotrophic medium using the “F-plate” assay (Sudek et 
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al., 2009). “H” media was augmented with 125 mg yeast extract, 625 mg peptone, 94 mg 
casamino acids and 375 mg sodium citrate, and used to make the plates amended with 
400 µM FeSO4 after autoclaving. Isolates were considered to oxidize iron if an oxide 
crust covered the colonies, detectable by eye and spot testing with the xylenol orange 
reagent (Riedel-de-Haën, Austria). 
 
4.4 Results and Discussion 
4.4.1 Fluid chemistry  
 Fluids draining from boreholes at both the 7150’ and 7025’ levels of the mine 
were about 40°C and pH 6. Aqueous chemistry results are reported in Table 4.1. The 
fluids were characterized by high concentrations of metals (Mn 50 µM-20 mM; Zn 20-
150 µM) as well as other ions (SO42- 3-40 mM; F 0.7-13 mM). Notably absent from fluid 
chemistry were measurable amounts of phosphate species. DOC was also low (average of 
40 µM), while DIC was abundant (average of 31 mM in 7025’ fluids). DIC and DOC 
were not measured in the 7150’ boreholes, but vigorous degassing was observed in all 
fluids and is presumed to be CO2. Dissolved O2 was present in the open boreholes of 
7025’ (~10-100 µM), but dropped to near zero after packer insertion. The boreholes were 
resampled two weeks after packer insertion, and small amounts of O2 (1-5 µM) were 
present in boreholes 7025’ P1 and P4. O2 measurements were not made at the 7150’ 
boreholes.   
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Table 4.1 
       Species 7150-D1 7150-D3 7025-D1 7025-D3 7025-D4 7025-P1 7025-P4 
O2 (%) 
  
3.8 53 55 1.4 0.4 
O2 (uM) 
  
8.1 107 118 4.4 1.3 
Temp C ~40 ~40 38 39 35 40 35 
pH 5.85 5.9 5.9 6.1 6.3 5.8 5.9 
DIC (mM) 
  
28.9 31.8 32 15.7 20.3 
DOC (µM) 
  
496 32 1089 44 40 
Total N (mM) 
  
0.05 0.003 0.17 0.05 0.17 
TDN (µM)) 
  
118 5 420 49 216 
Organic N (µM) 
  
55 0 183 0.5 11.3 
Anions (mM) 7150-D1 7150-D3 7025-D1 7025-D3 7025-D4 7025-P1 7025-P4 
Cl 0.15 0.14 0.10 0.11 0.14 0.11 0.14 
F 13 9.0 0.72 0.68 1.50 0.71 1.31 
SO4 40 30 3.6 3.5 8.7 3.6 8.3 
PO4 bd bd bd bd bd bd bd 
NO3 (uM) 1081 228 21 0.49 92 16 60 
NO2  (uM) bd bd 32 0.8 53 26 46 
Cations (mM) 7150-D1 7150-D3 7025-D1 7025-D3 7025-D4 7025-P1 7025-P4 
NH4 (uM) 
  
9.4 3 113 5.9 112 
Si 0.05 0.05 0.90 0.90 0.81 0.77 0.65 
Mn 21 16 0.62 0.52 2.7 0.66 2.9 
Fe 1.5 1.1 0.012 0.008 0.001 0.13 0.075 
Mg 1.3 1.2 0.40 0.44 0.73 0.39 0.71 
Ca 8.8 7.9 3.0 3.3 5.2 3.0 5.0 
Al 4.9 3.3 0.065 0.056 0.26 0.066 0.27 
Sr 0.044 0.039 0.013 0.015 0.025 0.014 0.025 
Na 8.05 8.83 5.88 6.77 9.36 5.95 8.64 
Li 
  
0.048 0.056 0.062 
  K 1.1 1.1 1.0 0.98 1.3 0.93 1.3 
Trace Elements 
(µM) 7150-D1 7150-D3 7025-D1 7025-D3 7025-D4 7025-P1 7025-P4 
V bd 
 
0.008 0.002 bd 
  Ni 1.451 
 
0.18 0.18 0.50 0.21 0.51 
Cu 0.259 
 
0.037 0.039 0.053 0.17 0.25 
Zn 2857 
 
32 24 155 36 155 
As 0.038 
 
0.062 0.045 0.018 0.10 0.035 
Rb 1.504 
 
3.0 2.9 4.0 3.3 4.6 
Mo 0.021 
 
0.072 0.039 0.055 0.021 0.054 
W 0.005 
 
0.012 0.005 0.003 0.001 0.001 
Dissolved Gases 
(µM) 7150-D1 7150-D3 7025-D1 7025-D3 7025-D4 7025-P1 7025-P4 
CH4 
  
bd bd bd 0.19 0.16 
N2O 
  
bd bd bd 6.0 17 
H2 
  
bd bd bd 
  N2 
     
132 93 
Ar           2.4 1.1 
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 The boreholes fluids sampled represented a mixture of a dilute, likely meteoric 
fluid with more rock-reacted fluid in the subsurface. In Fig. 4.3, each fluid’s 
concentration of Mn is plotted against either sulfate or fluoride concentration, and the 
data are fit well by linear regression. The most rock-reacted borehole fluids are highly 
enriched in metals (Zn, Fe, Mn, Sr) as well as dissolved solutes (SO42-, F-) and these 
enrichments vary spatially between boreholes fluids at the same and different depths 
within the mine. As Henderson is a highly mineralized system, the high amounts of 
metals and dissolved sulfate suggest dissolution of sulfide and other mineral phases by 
water-rock interaction at depth to release these constituents into the fluids. The dilute 
fluids are likely meteoric, based on the δ2HVSMOW of -133.55‰ and a δ18OVSMOW of -
16.812‰ for dilute fluids of the 7025’ P4 borehole reported in Sahl et al., (2008), which 
fall on the meteoric water line. A working hypothesis to explain Henderson water 
chemistry is that waters at depth in Henderson are meteoric by extensively reacted with 
rock, and they mix with younger meteoric water, generating waters with widely variable 
compositions. Surface fluids likely travel through the extensively fractured granite and 
into the subsurface at Henderson Mine (Geraghty et al., 1988; Seedorff and Einaudi, 
2004b). Fractured granite with high water-rock ratios correspond to increased alteration 
of granites by resident fluids (Larson and Taylor, 1986). 
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Fig. 4.3 Fluid mixing trends across five boreholes (labeled at top) within Henderson 
Mine. A linear relationship is observed for Mn vs. SO42- and F concentrations. 
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4.4.2 Affinity Calculations 
4.4.2.1 Mineralogical constraints on affinity calculations 
 In order to assess the redox reactions that support the microbial community at 
Henderson Mine, it is important to consider the likely speciation of elements detected in 
the analyses, especially when only elemental composition is measured. Calculations 
using stability constants for chemical species within the pH, Eh and composition of 
Henderson fluids were performed using Geochemist’s Workbench (GWB) and the 
analyses in Table 2.1. Mineral phases are both reactants and products in redox reactions, 
and characterization of the minerals at the site also informed which species to use in 
affinity calculations to determine the thermodynamic potential of redox reactions to 
release energy to support microbial life. Different types of Fe-oxides, for instance 
(goethite, hematite, ferrihydrite) have different equilibrium constants and this affects how 
much energy is released in formation or dissolution, and hence the amount of energy 
available to support the microbes that may be mediating the mineral transformation. 
Mineral mats of different colors (i.e. red, white and black; Fig. 4.1A) precipitating near 
the boreholes were first subjected to bulk X-ray diffraction (XRD). Quartz was present in 
the white phase precipitating around 7150’ D1 borehole (Fig. 4.4a). The 7150’ D4 bulk 
sample containing red phases was X-ray amorphous (Fig. 4.4b), but showed a broad peak 
that corresponds to that seen in the low-crystallinity Fe-oxides 2-line and 6-line 
ferrihydrite.  
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Fig. 4.4 XRD patterns of minerals precipitating at 7150’ boreholes. Reference spectra 
with matching peaks are shown between each sample. 
 
 
Because the red phase could not be identified by XRD, red mineral samples from 
boreholes 7025’ D1 and D4 were analyzed using X-ray absorption spectroscopy (XAS) to 
better characterize the mineralogy of these phases. The X-ray Absorption Near Edge 
Structure (XANES) spectra at the Fe K-edge of the red minerals reveal the presence of 
Fe(III) when compared to spectra of Fe(II) and Fe(III) minerals (Fig. 4.5A). The 
Extended X-ray Absorption Fine Structure (EXAFS) spectra were not adequately fit by 
any of the single-phase reference spectra in an extensive library (i.e. ferrihydrite, 
goethite, etc.). These spectra were fit well, however, by linear combinations of spectra 
from seafloor mineral mats where Fe- and S-rich fluids mix with oxygenated seawater 
(Fig 4.5B; Appendix E) (Glazer and Rouxel, 2009; Templeton et al., 2009). The 
Henderson red mineral EXAFS spectra and the mineral mat share similar spectral 
features with a sample from a subseafloor sulfide chimney, although the features are 
slightly offset in energy. Extensive analysis of this putatively biogenic Fe-oxide (“BIO”) 
revealed that the primary Fe(oxy)hydroxide unit of Fe-O6 octahedra is linked together 
only at the edges of the polyhedra, and that this structure has fewer linkages than more 
crystalline phases (i.e. goethite) (Toner et al., 2009b). Taken together, these data suggest 
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that the type of Fe-oxides precipitating at Henderson are forming from oligomers of the 
basic polyhedral unit, and these truncated minerals may be colloidally-sized particles in 
the environment. As many of these low-crystallinity and colloidal Fe-oxides are not 
thermodynamically characterized, the equilibrium constant for Fe(OH)3, an Fe(III) 
precipitate was used for GWB modeling. This is likely a better thermodynamic fit to the 
environment than goethite, which was not identified from either X-ray analysis.  
	   148 
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Fig. 4.5 (previous page) XAS analysis of 7025’ D1 and D4 red Fe-oxides minerals. A. 
XANES spectra of D4 Red compared to an Fe(II) mineral (ankerite) and an Fe(III) 
mineral (2L-ferrihydrite) reveal that the sample is composed of Fe(III). B. EXAFS 
spectra of the D1 and D4 minerals and fits (grey lines) of the data constructed from the 
M34 and M39 seafloor Fe-oxide spectra. 
 
 
The XAS approach was also used to identify Mn speciation in the black minerals. 
The XANES data acquired at the Mn K-edge revealed multiple oxidation states in the 
sample based on the quality of fit of the data using spectra of reference Mn2+ and Mn4+ 
compounds (Bargar et al., 2005) (Fig. 4.6A). Although the energy of the absorption edge 
in Mn XANES is not always a quantitative measure of oxidation state of the sample 
components (Sam Webb, personal communication), it is easy to distinguish between the 
presence of Mn2+, Mn3+ and Mn4+ (Bargar et al., 2000). The sample also had a positive 
reaction with the reagent Leucoberbelin blue, which indicates the presence of Mn-oxides 
(Krumbein and Altmann, 1973), and the presence of Mn2+ is supported by the speciation 
results of source fluids using GWB. The EXAFS spectra of the black fracture was not 
particularly useful in resolving the Mn oxidation state or mineralogy because the 
reference spectra available for fitting were very limited and did not result in an acceptable 
fit (Fig. 4.6B). The best fitting spectra included Mn2+ (MnSO4 and rhodocrosite) and 
Mn4+ (δ-MnO2). For this reason, aqueous Mn2+ and δ-MnO2 (birnessite) were used in 
thermodynamic calculations, based on their possible contribution to the black fracture 
spectrum, and because equilibrium constants were available in the thermo.com.v8.r6+.dat 
database of GWB. 
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Fig. 4.6 Spectrum, fits and reference compounds used in fitting the black fracture 
material. A. XANES spectra fit (grey line) with Mn2+ and Mn4+. B. EXAFS spectra has a 
best fit with the available reference compounds (grey line) rhodocrosite, δ-MnO2 and 
MnSO4. 
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4.4.2.2 Assumptions used in affinity calculations 
Some assumptions were made about sulfur species used in the affinity 
calculations. Although sulfide measurements were not made, pyrite is present in the 
mineral assemblages of Henderson (Seedorff and Einaudi, 2004a) and sulfate was 
measured in the fluids (table 4.1), suggestive of an oxidative pathway for sulfide in the 
fluids, either biotic or abiotic. Pyrite was included in the fluid chemistry input into GWB, 
and the resulting equilibrium H2S(g) value was used, ~1x10-10. This value was much 
lower than the amount detectable by smell (0.00047 ppm; ~15 µM; Powers, 2004), and as 
no sulfide odors were observed during sampling, the amount of sulfide in the fluids is 
likely low. The HS- concentration predicted in the fluids was nanomolar, in contrast to 
other mines where millimolar (Kieft et al., 2005) and micromolar (Pedersen, 1997) 
quantities of HS- were observed.  
 
4.4.2.3 Microbiological constraints on reactions used in affinity calculations 
The affinity calculations performed in this study utilized balanced reactions that 
are known to be microbially-mediated. In additions, several reactions were included that 
are hypothesized to be carried out by microbes in natural systems based on geochemical 
data, but have not yet been directly observed to be microbially-mediated (table 4.2). Most 
reactions were taken from Shock et al. (2010), but several of the reactions as written in 
that study do not represent the actual species that are used or produced by model 
organisms. For instance, multiple intermediates (thiosulfate, sulfite, S0 and organic sulfur 
compounds) are observed in both oxidative and reductive pathways between pyrite and 
H2S to sulfate (Canfield et al., 2005) and it is likely the 8-electron transfer is mediated by 
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multiple organisms in multiple steps. In Shock et al. (2010), reactions are written as 
complete, 8-step electron transfers. No attempt was made to detect or quantify any of 
these sulfur intermediates in the Henderson fluids, but S0 is common to both oxidative 
and reductive pathways, elemental sulfur has recently been identified in the Henderson 
Fe-oxide mineral mats (Templeton and Swanner, unpublished data) and thermodynamic 
data for elemental sulfur is readily available, and so this species was used as an 
intermediate in the sulfur cycle.  
Nitrification (oxidation of ammonium and nitrite) with Mn as an electron acceptor 
has been hypothesized to be environmentally-relevant based on geochemical profiles of 
estuaries (Bartlett et al., 2008), but no cultivated organisms are known to carry forward 
this reaction. It was included in affinity calculations because of the presence of the 
reactants in Henderson fluids. A few theoretical reactions were also used, including sulfur 
disproportionation (reaction 30; table 4.2) because of the presence of reactants, and 
because the subsurface harbors novel organisms which may mediate novel reactions. That 
these reactions have positive affinity in the Henderson fluids suggests that they may be 
interesting metabolisms to target in future studies of this environment.  
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Number Balanced Reaction 
log k 
(40C) 
O2 as electron acceptor 
 1 NH4+  + 1.5 O2(aq)  = 2 H+  + NO2-  + H2O 35.60 
2 NO2-  + .5 O2(aq)  = NO3- 14.43 
3 H2S(aq)  + .5 O2(aq)  = S  + H2O 36.09 
4 Pyrite  + 2 H+  + .5 O2(aq)  = H2O  + 2 S  + Fe+ 29.29 
5 S  + 1.5 O2(aq)  + H2O  = 2 H+  + SO4-- 88.11 
6 Mn++  + .375 O2(aq)  + 1.625 H2O  = .125 Birnessite  + 2 H+  -1.46 
7 Fe++  + .25 O2(aq)  + 2.5 H2O  = Fe(OH)3  + 2 H+ 2.72 
8 CH4(g)  + 2 O2(aq)  = 2 H2O  + CO2(g) 141.85 
9 CH4(g)  + 2 O2(aq)  = H+  + H2O  + HCO3- 133.94 
NO3- as electron acceptor 
 10 H2S(aq)  + NO3-  = S  + NO2-  + H2O 21.66 
11 Pyrite  + 2 H+  + NO3-  = H2O  + 2 S  + Fe++  + NO2- 14.86 
12 S  + 3 NO3-  + H2O  = 2 H+  + SO4--  + 3 NO2- 44.83 
13 Fe++  + .5 NO3-  + 2.5 H2O  = Fe(OH)3  + .5 NO2-  + 2 H+ -4.50 
14 CH4(g)  + 4 NO3-  = 4 NO2-  + 2 H2O  + CO2(g) 84.14 
15 CH4(g)  + 4 NO3-  = 4 NO2-  + H+  + H2O  + HCO3- 76.23 
NO2- as electron acceptor 
 
 
NH4+  + NO2-  = N2(g)  + 2 H2O 60.77 
 
H2S(aq)  + .6667 NO2-  + .6667 H+  = .3333 N2(g)  + S 44.48 
 
Pyrite  + .6667 NO2-  + 2.667 H+  = .3333 N2(g)  + 2 S  + 1.333 H2O  + Fe++ 37.68 
16 S  + 2 NO2-  = N2(g)  + SO4-- 113.29 
17 S  + NO2-  + 2 H2O = NH4+  + SO4-- 52.52 
18 Fe++  + .1667 NO2-  + 2.667 H2O  = .1667 NH4+  + Fe(OH)3  + 1.667 H+ -3.22 
 
Fe++  + .3333 NO2-  + 2.333 H2O  = .1667 N2(g)  + Fe(OH)3 6.91 
19 CH4(g)  + 2.667 NO2-  + 2.667 H+  = 1.333 N2(g)  + 3.333 H2O + CO2(g) 175.42 
20 CH4(g)  + 2.667 NO2-  + 1.667 H+  = 1.333 N2(g)  + 2.333 H2O  + HCO3- 167.50 
Fe(OH)3 as electron acceptor 
 21 H2S(aq)  + 2 Fe(OH)3  + 4 H+  = S  + 2 Fe++  + 6 H2O 30.65 
22 S  + 6 Fe(OH)3  + 10 H+  = 14 H2O  + SO4--  + 6 Fe++ 71.81 
23 CH4(g)  + 8 Fe(OH)3  + 16 H+  = 22 H2O  + CO2(g)  + 8 Fe++ 120.11 
24 CH4(g)  + 8 Fe(OH)3  + 15 H+  = 21 H2O  + HCO3-  + 8 Fe++ 112.20 
MnO2 as electron acceptor 
 25 .125 Birnessite  + 1.5 H+  + .25 NH4+  = Mn++  + 1.875 H2O + .25 NO2- 10.87 
26 .125 Birnessite  + 2 H+  + .75 NO2-  = Mn++  + 1.625 H2O  + .75 NO3- 12.89 
27 .125 Birnessite  + .75 H2S(aq)  + 2 H+  = Mn++  + 2.375 H2O  + .75 S 30.04 
28 .125 Birnessite  + 3.5 H+  + .75 Pyrite  = Mn++  + 2.375 H2O + 1.5S + .75 Fe++ 24.68 
29 .125 Birnessite  + .25 S  + 1.5 H+  = Mn++  + 1.375 H2O  + .25 SO4-- 24.77 
 
.125 Birnessite  + 1.813 H+  + .1875 CH4(g)  = Mn++  + 1.813 H2O + .1875 
HCO3- 27.95 
 
.125 Birnessite  + 2 H+  + .1875 CH4(g)  = Mn++  + 2 H2O  + .1875 CO2(g) 29.42 
Sulfur as electron acceptor 
 30 S  + H2O  = .75 H2S(g)  + .5 H+  + .25 SO4-- -4.19 
31 CH4(g)  + 4 S  + 2 H2O  = 4 H2S(aq)  + CO2(g) -2.49 
32 CH4(g)  + 4 S  + 3 H2O  = 4 H2S(aq)  + H+  + HCO3- -10.40 
Sulfate as electron acceptor 
 
 
CH4(g)  + 2.667 H+  + 1.333 SO4--  = CO2(g)  + 1.333 S  + 3.333 H2O 24.37 
 CH4(g)  + 1.667 H+  + 1.333 SO4--  = HCO3-  + 1.333 S  + 2.333 H2O 16.46 
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4.4.2.4 Positive affinity redox reactions  
Positive affinity reactions for the endmember fluid composition boreholes 7150’ 
D1 (rock-reacted) and 7025’ D1 and P1 (dilute before and after packer) are presented in 
Fig. 4.7. Reactions with negative affinity are not included in Fig. 4.7 but are shown in 
grey in table 4.2. The reactions with the highest affinity utilized O2 as a terminal electron 
acceptor (TEA). Nitrate (NO3-) and nitrite (NO2-) followed as the next most favorable 
TEAs, followed by δ-MnO2, Fe(OH)3 and S0. Reactions using sulfate as a TEA never had 
a positive affinity for any of the boreholes, but oxidation of H2S(g), pyrite or S0 with 
many electron acceptors was favorable. Nitrate was a viable electron acceptor for all but 
Mn oxidation. Fe(OH)3 was a viable electron acceptor for all donors except for NH4+ and 
NO2-. This is not surprising as the reverse reactions, Fe-oxidation with either NO2- and 
NO3- as the electron acceptor had positive affinity. Methane oxidation also had high 
affinity coupled to nitrate and nitrite reduction, but the results were dependent of whether 
CO2(g) or HCO3- were formed. The only electron acceptors which had a negative affinity 
with methane oxidation were δ-MnO2 and SO42-, and this may be due to the abundance of 
CO2(g)/HCO3- in the fluids, which are the products used in this reaction. Production of 
acetate, as is possible for SO42-dependent anaerobic methane oxidation, was not 
thermodynamically favorable in Henderson fluids (Boetius et al., 2000).  Acetate 
oxidation with all electron acceptors considered in Henderson fluids was 
thermodynamically favorable, although the process with sulfate as an electron acceptor 
yielded very little energy. As acetate concentrations were not directly measured, the 
values used for calculations were 10% of measured organic carbon after organic carbon 
calculated to be biomass was subtracted. 
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The results between the two end-member boreholes 7150’ D1 and 7025’ D4 were 
remarkably similar, as well as results when borehole 4 was fitted with a packer (P4). This 
finding suggests that as long as O2 is present, even at very low levels (e.g. 7025’ P4), 
many of the same reactions may be supporting the microbial community from borehole to 
borehole. Another trend across all samples was the negative affinity of sulfate as an 
electron acceptor. Although sulfate is commonly implicated as an important electron 
acceptor in other deep terrestrial environments (Chivian et al., 2008; Gihring et al., 2006; 
Kieft et al., 2005; Moser et al., 2005) it is not a favorable electron acceptor in this system. 
However, the other deep sites contained fluids with much higher concentrations of strong 
reductants like CH4 and H2 than are observed in Henderson Mine. Although H2 was not 
measured in Henderson fluids, it can build up in the terrestrial subsurface where the 
decay of radioactive elements (U, Th, K) can react with water, producing H, OH, H2, 
H2O2, hydrous electrons (e-aq) and H+ (Lin et al., 2005b), although it is likely to be 
quickly consumed in boreholes where even small amounts of O2 are present. 
Nevertheless, radiolysis is particularly relevant for granite systems, which are enriched in 
U, and it may be an important process for the energy budget of the subsurface microbial 
community at Henderson.  
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Fig. 4.7 (previous page) Results of affinity calculations for 50 reactions for two end-
member boreholes [7150’ D1 (u) and 7025’ D4 (n; before packer) and P4 (l; after 
packer insertion)]. Data cascade from highest affinity, or most energetically favorable 
reactions at the top to the lowest affinity reactions at the bottom. The electron acceptor 
for each reaction is catalogued on the right side, where Iron and Manganese refer to iron- 
and manganese-oxides, respectively, and Sulfur refers to elemental sulfur. 
 
 
4.4.2.5 Predictions of Dominant Metabolisms at Henderson  
The affinity calculations are a useful guide for which reactions can support life 
energetically. Oxidation of methane is almost uniformly predicted to yield energy, and 
given the similar redox potentials of methane and other types of organic carbon, 
oxidation of organics would also be favorable. The abundance of organic carbon (30-50 
µM where measured) in the boreholes could support 5x106 cells/ml in the fluids (Vrede et 
al., 2002) if all of it were converted to biomass. Henderson microbes likely lack 
phosphorus, which limits growth to between 103 and 104 cells/ml (Sahl et al., 2008). This 
excess organic carbon may very well be supporting heterotrophic organisms, which have 
been commonly cultured from other granitic systems (Pedersen and Ekendahl, 1990), 
possibly with a range of electron acceptors available in Henderson fluids (O2, NO3-, NO2-, 
Mn- and Fe-oxides). Oxidation of lithological energy sources Fe, Mn and S also has 
significant potential to support subsurface populations because of the presence of 
favorable electron acceptors (O2, NO3-, NO2-). Some lower-energy yielding reactions that 
utilize these inorganic substrates are also energetically favorable, but have not been 
demonstrated to be microbially-mediated in any environment so far (i.e. oxidation of 
sulfur compounds with Mn-oxides). These waters may be a good candidate for future 
attempts to characterize novel metabolisms such as these. 
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The occurrence of certain species in the fluids were indicative of microbial 
metabolisms. The presence of NO2- for instance is surprising given that about a third of 
NO2- will react to form N2O in the presence of Fe2+ and Cu2+ (both observed in borehole 
fluids) at pH 6 within 24 hours (Moraghan and Buresh, 1977). The fact that this species 
was detectable suggests that it is actively being produced. Nitrite is a product of both 
nitrate reduction in the denitrification pathway, and ammonia oxidation. Ammonia was in 
higher concentration in most of the boreholes than either NO2- or NO3-, and although it is 
can be produced in the dissimilatory nitrate reduction to ammonium (DNRA) pathway, 
the higher affinities for O2 vs. NO3- as an electron acceptor suggests that it is likely that 
ammonia oxidation vs. nitrate reduction would be the source of the nitrite. 
The presence of large amounts of organic carbon and nitrogen associated with the 
iron-and manganese-oxide minerals precipitating around the boreholes (table 4.3) is 
suggestive of a thriving microbial ecosystem. The organic carbon contents of the draining 
fluids were very low (table 4.1), but the carbon contents of the precipitating Fe- and Mn-
oxides in particular is often several weight percent. The Fe and Mn-oxides (red and black 
in Table 4.3) had the highest C contents, suggesting microbes are thriving where Fe and 
Mn oxidation are occurring. When visualized under fluorescence microscopy, the mineral 
mats contained abundant microbial biomass (data not shown). These minerals may be Fe, 
Mn and S-oxidizing habitats, and the energy gained from these reactions could support 
primary production (i.e. CO2 fixation) and accumulation of large amounts of biomass. 
This biomass may then serve as a source of energy for heterotrophs, as also predicted by 
the affinity calculations.   
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Table 4.3 
   Sample % Nitrogen % Carbon C:N 
7150' D1 0.041 4.786 116.472 
7150' D2 Red 0.000 1.202 NA 
7150' D2 White 0.018 0.984 53.309 
7150' D4 Red 0.025 0.215 8.607 
7025' D1 Red 0.029 0.524 18.037 
7025' D3 Red 0.030 0.532 17.988 
7025' D4 Red 0.047 0.555 11.822 
7025' D4 0.018 0.574 32.513 
7025' Fracture Red 0.025 3.595 145.024 
7025' Fracture Black 0.033 2.300 70.308 
7025' P1 Red 0.064 3.019 46.875 
7025' P4 White 0.027 0.459 17.097 
7025' P4 Black 0.023 3.827 167.498 
7025' P-Fracture Red 0.037 0.312 8.477 
 
 
4.4.3 Targeted culturing of microorganisms 
 Henderson borehole fluids and minerals were used to inoculate growth 
experiments that targeted organisms capable of Fe, S and Mn oxidation coupled to 
oxygen or nitrate reduction. Some experiments also targeted organisms capable of Fe-
reduction using H2 or organic carbon as electron donors. A number of organism were 
isolated from these experiments, and some were subjected to further characterization to 
determine whether they had metabolic capabilities that would be supported based on the 
geochemistry of Henderson fluids. The preliminary identification and physiological 
characterization of isolates are described below. 
 
4.4.3.1 Putative Mn-oxidizing isolates 
Potential Mn-oxidizing organisms were cultivated by direct plating on K-asw and 
modified PYG solid media amended with Mn(II) and 11 isolates were recovered after 
several successive transfers (table 4.4). The 16S rRNA sequences of 10 isolates identified 
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them as Bacillus sp., and the 11th belongs with the Actinobacteria (HM06-11). The 
isolates (HM06-02 to HM06-11) were screened for Mn-oxidizing ability on Mn(II)-
amended plates. All Bacillus isolates and the Actinobacteria isolate were able to oxidize 
Mn, but the two isolates from the Paenibacillus lineage were unable to do so (HM06-03 
and HM06-05). The isolates capable of Mn-oxidation were then subjected to PCR 
amplification of the multicopper oxidase gene, mnxG, that has been implicated in 
oxidation of Mn by Bacillus sp. (van Waasbergen et al., 1996). Only one Bacillus isolate 
(HM06-02) contained an amplifiable gene with the primers used. A phylogenetic tree of 
the 16S rRNA sequences of Bacillus isolates was published in Mayhew et al. (2008; Fig. 
4.8), showing the organism possessing the mnxG denoted by an asterisk.  
That only one of the Mn-oxidizing isolates possessed the mnxG gene is in contrast 
to a study of Mn-oxidizing Bacillus from the Guaymas Basin, CA, where all Mn-
oxidizing isolates possess a mnxG gene (Dick et al., 2006). This lack of mnxG gene in 
Mn-oxidizing isolates was investigated by stochastic character mapping of the Henderson 
isolates, and it was found that the presence of mnxG in Mn-oxidizing isolates was related 
to their phylogenetic relationships based on 16S rRNA sequences (Mayhew et al., 2008). 
(2008) proposed that the Mn-oxidizing, mnxG-lacking Bacillus from Henderson Mine, 
which were phylogenetically distant from the Guaymas Basin Bacillus likely possess an 
entirely different gene responsible for Mn-oxidation.  
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Fig. 4.8 Phylogenetic tree of 16S sequences of Bacillus sp. isolated from Henderson 
Mine (Mayhew et al., 2008). HM06-02 contains a mnxG gene, a putative Mn-oxidase 
thought to function in the Mn-oxidizing activity of the exosporium. 
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4.4.3.2 Putative Fe-oxidizing and reducing isolates 
FeS gradient tubes were specifically set up to enrich for Fe and S-oxidizing 
microbes (Fig. 4.2). The Fe0 tubes enriched for Fe-oxidizing and reducing 
microorganisms by providing fluxes of Fe(II) and H2 from oxidation of Fe0 with water. 
Fe(II) was oxidized in the upper tube where O2 was present, but reducing conditions 
deeper in the tube could be suitable for Fe(III) reduction with the Fe-oxides and H2.  
Seven isolates of Ralstonia species were isolated from FeS and Fe0 gradient tubes 
and microaerophilic Fe-oxidizing tubes originally enriched with fluids and Fe-oxide 
minerals from Henderson. These organisms are up to 99% identical by 16S rRNA 
sequence to organisms that were abundant in the fluid samples at Henderson (Sahl et al., 
2008), and their numerical dominance in the fluids suggests that their metabolic activities 
are likely to have a significant effect on the geochemistry of the system. All Ralstonia 
isolates initially tested positive for heterotrophic Fe-oxidation with the “F-plate” assay 
(solid media amended with Fe(II)), confirming at the very least the enzymatic ability to 
oxidize Fe. Physiological experiments on Ralstonia HM08-01 demonstrate that it can 
grow using energy gained by Fe-oxidation, although it likely needs small amounts of 
organic carbon to support its carbon needs (Swanner et al., 2011). Although the other 
Ralstonia isolates were not explicitly tested in this way, because of their close 
phylogenetic affiliation and isolation from similar environments as Ralstonia HM08-01, 
and the positive results of the “F-plate” assay, it is likely they are also able to couple 
growth to Fe-oxidation.  
Two organisms related to Bacteroidetes bacteria (EDS_053 and EDS_056; 100%) 
were isolated, one from a microaerophilic Fe-oxidizing and one from an FeS gradient 
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tube. Although Bacteroidetes have not been previously shown to oxidize Fe, they have 
been found in association with Fe-oxides forming in an oxic-anoxic transition zone in a 
saltmarsh (Lambais et al., 2008). Neither of these Henderson isolates oxidized Fe 
heterotrophically on the “F-plate” assay, suggesting that their role in Fe transformations 
may not involve direct Fe-oxidation. Further tests to assess growth by Fe-oxidation were 
not conducted. 
The final aerobic isolates from Fe0 gradient tubes were Thermomonas (EDS_051; 
a γ-Proteobacterium) and Phaeospirillum (EDS_049; α-Proteobacterium). The 
Thermomonas isolate was 93% identical in 16S rRNA to several organisms detected in 
borehole 7150’ D1 fluids, suggesting characterization of this isolate would be insightful. 
While little metabolic knowledge of this genus exists, one isolate has been characterized 
as an anaerobic Fe-oxidizing bacteria (Straub and Buchholz-Cleven, 1998). 
Phaeospirillum was not closely related to any organisms detected in Henderson Mine, 
and the genus is characterized as phototrophic (Imhoff et al., 1998). It was likely a 
foreign contaminant either in samples at the site or in cultures in the laboratory. 
Three more isolations were made from anaerobic Fe-oxidizing tubes plated onto 
“H-F” or “H-Fred” (containing soluble Fe(II) or Fe(III)-oxides, respectively) and grown 
anaerobically. Two isolated on “H-F” (EDS_059 and EDS_060) were related to the 
Dokdonella/Stenotrophomonas genera of γ-Proteobacteria, and they were also close 
matches to an organism detected in the packed borehole water from which they were 
enriched. The Stenotrophomonas genus is metabolically diverse, with the potential to 
reduce metals and nitrate under anaerobic conditions (Gao et al., 2010; Yu et al., 2009). 
This organism may be anaerobic or facultative; regardless, utilization of nitrate and 
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metals as electron acceptors fits well with the reactions available in Henderson fluids 
based on affinity calculations. The “H-Fred” Denitratisoma isolate was closely related to 
organisms detected only in the packed boreholes, suggesting it is anaerobic. The closest 
cultured representative to the Henderson isolate EDS_061 was not very closely related, 
but it is capable of nitrate reduction (Fahrbach et al., 2006), which is a metabolic 
possibility for this isolate. All of these anaerobically isolated organisms would be good 
candidates for further physiological characterization because they represent novel 
cultured organisms and their detection in the environment suggests their metabolic roles 
could affect the geochemistry of the system. 
 
4.4.3.3 Isolates with other metabolisms 
 One other isolate may also have metabolic functions relevant to the affinity 
predictions. The Methylobacterium (EDS_054; α-Proteobacteria) isolate from an Fe0 
gradient tube is related to organisms known to oxidize methane and hydrogen (Slabova et 
al., 1990). H2 oxidation is a possible metabolism in the Fe0 gradient tube, where H2 was 
produced by H2O reduction with Fe0. H2 was not measured in the borehole fluids, but 
CH4 was detected at low amounts in the borehole from which this organism was isolated. 
Affinity calculations also reveal methane oxidation to be a favorable metabolism, despite 
the low amounts of O2 and CH4 detected in the boreholes, and H2 oxidation is likely also 
favorable if it is present. Methylobacterium sp. are commonly detected in subsurface 
environments (Orphan et al., 2000), although they were not detected by 16S rRNA gene 
surveys in Henderson, suggesting they are likely to be minor constituents of the microbial 
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community. If present at Henderson, their low abundance may be due to low amounts of 
CH4 and H2 in Henderson fluids. 
Although Ralstonia isolates from Henderson are capable of Fe-oxidation, it is 
possible they may have other metabolic capabilities. Ralstonia picketti is known to 
degrade benzene and chlorinated biphenyls (Hundt et al., 1998; Płaza et al., 2007). This 
species has also been characterized as both a heterotrophic and autotrophic hydrogen 
oxidizer (Gales et al., 2004), and can oxidize sulfur from thioamides to release 
ammonium then utilized as a nitrogen source (Dodge et al., 2006). Further physiological 
characterization of these isolates may be insightful as to their role in the environment, as 
they make up a significant proportion of organisms detected in Henderson fluids. 
 
4.4.4 Organisms enriched in cultures 
 Not all organisms in the initial cultures were amenable to isolation as pure 
cultures. For this reason, DNA was extracted from these cultures and surveys of the 16S 
rRNA marker gene revealed what types of organisms were growing in the cultures. 16S 
rRNA gene sequencing of resident organisms from FeS and Fe0 gradient tubes revealed 
that the most common inhabitants of the gradient tubes were Proteobacteria (Fig. 4.9 and 
Appendix F). All of the Proteobacteria that were related to 16S rRNA sequences 
originally detected in the Henderson borehole fluids were unidentified types of β- and γ-
Proteobacteria. Many of these are not related to any other cultivated organisms, and so 
possible metabolic functions are unconstrained.  
There are some clues to possible metabolisms for the enriched organisms based 
on their phylogenetic affiliation. Pantoea (γ-Proteobacteria) sequences from FeS 7025’ 
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P4 Fe-oxides are related to Pantoea agglomerans SP1, a facultative anaerobe able to 
couple oxidation of H2 and acetate to Fe(III)- and Mn(IV)-oxide reduction (Francis et al., 
2000). As there was no H2 in the FeS tubes, these organisms may be oxidizing agar 
coupled to Fe-oxide reduction in anoxic regions that likely exist in the FeS tube (O2 was 
below detection deep within FeCO3 tubes as established in Swanner et al., 2011). As the 
Pantoea sp. were enriched from Fe-oxides (and likely also Mn-oxides) forming around 
the boreholes, metal-reduction may be a viable metabolic function for these organisms in 
the environment. 
α-Proteobacteria with no close cultured representation were detected in the Fe 
gradient experiments as well as from Henderson fluids. Many of the sequences detected 
were related to organisms that live in the rhizosphere, or roots or plants. The rhizosphere 
has been studied as an Fe-oxidizing system, supporting microorganisms that can oxidize 
soil Fe(II) with the small amounts of O2 exuded by the plant roots (Weiss et al., 2003; 
Weiss et al., 2007). Although none of the organisms investigated in these rhizosphere 
studies were α-Proteobacteria, there are microaerophilic and phototrophic Fe(II)-
oxidizing representatives within the α-Proteobacteria (Weber et al., 2006a). Other 
photosynthetic organisms in the gradient tubes were Chlorobi, green sulfur bacteria that 
are obligate anaerobic photoautotrophs. These experiments were incubated in covered 
water baths near a window, and so may have been exposed to very low amounts of light 
that could support such organisms utilizing Fe(II) or S2- in photosynthesis. Their presence 
in the gradient tubes suggests either contamination, or input of these organisms into the 
inoculating fluids and minerals through the ventilation system at Henderson Mine, which 
circulates surface air through the tunnels. 
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Fig. 4.9 Clones detected in FeS and Fe0 gradient tubes, grouped by phylum. Samples 
from left to right had 12, 4, 8, 21, 11, 13 and 5 16S rRNA sequences recovered. 
   
All of the Fe0 enrichments contained Deinococcus-Thermus sequences. 
Meiothermus have been detected in other subsurface environments (Spear et al., 2007; 
Trimarco et al., 2006), as have Thermus (Kieft et al., 1999; Lin et al., 2006a; Nakagawa 
et al., 2002; Rastogi et al., 2010), including those detected in Henderson borehole fluids 
(Sahl et al., 2008). While Thermus organisms are generally assumed to be obligate 
heterotrophs (Williams and da Costa, 1992), it has been observed that other isolates of 
Thermus from subsurface environments are capable of using O2, NO3-, Fe(III), and S0 as 
the electron acceptor with organic compounds or H2 for growth (Kieft et al., 1999). The 
only FeS tube to contain Meiothermus was 7025’ D1 H2O. As some Meiothermus species 
require reduced sulfur compounds (Chung et al., 1997), it is conceivable organisms in 
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this enrichment were involved in some type of sulfur metabolism. While the sequences in 
the gradient tubes were of the related genus Meiothermus and not Thermus, which 
generally have a temperature optimum of 55°C vs. 65-70°C for Thermus (Nobre et al., 
1996), it is possible they share a similar physiology to their close relatives. In the Fe0 
tubes, H2 oxidation with Fe(III) is a very likely metabolism, but was not tested for these 
enrichments.  
 A number or organisms common in the enrichments are likely heterotrophs. 
Actinobacteria were only found in the FeS tubes, but are frequently detected in 
subsurface environments (Gihring et al., 2006; Lin et al., 2006a; Onstott et al., 2009; 
Rastogi et al., 2010) including Henderson (Sahl et al., 2008). These common soil bacteria 
are generally heterotrophs, and may survive in the gradient tubes by breaking down either 
the organic agar matrix or cellular material. Acidobacteria (also common soil bacteria) 
and the Firmicutes/Gram positive division were present in almost all gradient tubes, and 
are frequently detected in a terrestrial subsurface environments including Henderson 
(Gihring et al., 2006; Lin et al., 2006a; Moser et al., 2005; Onstott et al., 2009; Rastogi et 
al., 2010; Sahl et al., 2008). As other metabolisms carried out by these organisms are 
unconstrained, it is impossible at this point to say what their role in the gradient tube 
community or in the subsurface may be, aside from heterotrophy. 
 Bacteroidetes were not common in the enrichments, although they have been 
detected in other subsurface environments or in Henderson (Rastogi et al., 2010; Sahl et 
al., 2008). As mentioned previously, Bacteroidetes have been found in active Fe redox 
zones (Lambais et al., 2008), although isolates from Henderson borehole fluids were 
unable to oxidize Fe on heterotrophic plates. The Sphingobacteria, to which the 
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Bacteroidetes clones were related are capable of breakdown of complex organics (Lee et 
al.), and so their role in the gradient tube could be as heterotrophs. 
  
4.5 Conclusions 
 The subsurface of Henderson Mine supports an active microbial biosphere based 
on the detection of life via molecular methods (Sahl et al., 2008). The culturing and 
thermodynamic calculations in this study inform how life is metabolically supported in 
this environment. Cultured organisms were capable of Fe and Mn-oxidation, and 
heterotrophy, and possibly Fe- and Mn-oxide reduction and sulfur oxidation. Affinity 
calculations confirm that oxidation of Fe and Mn, and well as the use of Fe- and Mn-
oxides in respiration are energetically favorable, and several lines of evidence infer that 
these metabolisms are likely environmentally important. First, some Fe- and Mn-
oxidizing isolates were closely related to organisms that were numerically dominant in 
Henderson, and these populations may oxidize significant amounts of Fe and Mn. 
Second, the organic carbon content of Fe- and Mn-oxides was much higher than the 
fluids, which indicates these minerals are productive habitats. Third, the observation of 
oxidized Mn points to the activity of microbial enzymes such as Mn-oxidases, as Mn(II) 
is sluggish to oxidize abiotically (Hastings and Emerson, 1986), and yet boreholes 
become rapidly encrusted. Other favorable metabolic reactions predicted by affinity 
calculations include methane, H2S, ammonium and nitrite oxidation, and nitrate 
reduction. Isolates were recovered from experiments coupling nitrate reduction to Fe-
oxidation, but physiological tests could not establish whether these isolates carried out 
this metabolism. One anaerobic metabolism that is not likely to be important in the 
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system is sulfate reduction, due to the low abundance of strong reductants, in contrast to 
the importance of sulfate as an electron acceptor in other deep terrestrial systems.  
The isolation of several organisms that are closely related to organisms detected 
in situ validates the approach of culturing with energy sources that are available in the 
system. Several of these isolates have undergone some physiological characterization, but 
further work may illuminate novel metabolisms for certain classes of organisms and/or 
enzymatic activity. The correspondence between the organisms isolated and enriched and 
their putative metabolisms with those reactions predicted to be favorable with affinity 
calculations underscore the importance of considering the geochemistry of an 
environment in cultivating relevant microorganisms. 
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Chapter 5 
CONCLUSIONS AND FUTURE WORK 
 
5.1 Major findings 
This dissertation primarily addressed what metabolisms function to sustain 
subsurface metabolic communities. Culturing, physiological characterization and gene 
amplification of lithotrophic organisms and metabolisms, in the context of phylogenetic 
information from 16S rRNA gene surveys and thermodynamic calculations of reactions 
likely to support the microbial community were used to infer the metabolic roles of 
microbes inhabiting subsurface fluids at Henderson Mine, CO. Variations of this 
experimental process have been used to characterize the functional capabilities of 
microbes in other subsurface environments, but my studies targeted different processes 
(i.e. Fe and Mn-oxidation and nitrification) that have not yet been fully explored in deep, 
hard-rock environments. The results reveal that Fe-oxidation may support a significant 
amount of subsurface biomass, and that nitrification may be more common to subsurface 
habitats than previously thought. The source of ammonia that fuels subsurface 
nitrification furthermore is likely attributable to biological nitrogen fixation. 
Previous studies in subsurface mines used Fe- and Mn-oxides as electron 
acceptors in thermodynamic calculations. However, the presence and mineralogical form 
of these phases in the environment was not verified, which undermined the relevance of 
the calculations to reactions that may be actually occurring in the subsurface. My work 
involved extensive characterization of secondary mineral phases forming at Henderson, 
i.e. Mn and Fe-oxides, and whose formation is likely influenced by microbial 
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metabolisms. This highlights the importance of these phases as electron acceptors, but 
also that they are favored to form from oxidation of soluble Fe and Mn in the fluids. The 
successful isolation of Fe and Mn-oxidizing organisms verifies that thermodynamic 
predictions can match processes actually occurring in situ. The finding that Ralstonia 
HM08-01 can couple growth to microaerophilic iron oxidation at circumneutral pH is 
significant because it is the first example of neutrophilic Fe-oxidation supporting 
subsurface life, and because closely-related organisms dominated the metal-rich borehole 
fluids by 16S rRNA sequences. If these organisms are carrying out Fe-oxidation in situ, 
then this reaction is supporting a significant amount of subsurface biomass.  
The structural investigation of Fe-oxides precipitated from Henderson boreholes 
provides constraints for thermodynamic calculations favored to support subsurface life, 
but the investigation of Fe-oxides formed in laboratory experiments with Ralstonia 
HM08-01 also highlighted environmental controls on the formation of highly reactive 
and amorphous Fe-oxide phases. As has been observed in other environments, FeOB do 
not always influence the mineralogy of precipitated Fe-oxides, but rather environmental 
geochemistry appears to exert a large control on their structure and reactivity. Convergent 
evidence from voltammetry and microscopy suggests that the presence of Si and PO43- in 
experiments controlled the formation of colloidal Fe-oxides (i.e. 50-100 nm diameter) of 
low crystallinity in Fe-oxidizing experiments. The presence of colloids, if forming in 
mine environments such as Henderson, may have a profound effect on the mobility of 
other nutrients and metals via sorption and co-precipitation. This could in turn affect 
biological processes and metal transport that are important considerations for 
understanding the nature of subsurface life and bioremediation of metal-rich fluids. 
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Ammonia and nitrite oxidation were both positive affinity reactions for borehole 
fluids at Henderson, and although microbially-mediated nitrification in the subsurface has 
been investigated in other mines (Hirayama et al., 2005; Spear et al., 2007; Weidler et al., 
2007), this is the first study to address the origin of ammonium. Molecular results 
indicate that dissolved ammonium is likely supplied by biological nitrogen fixation, 
which may be a more common process in subsurface environments than previously 
recognized (i.e.  Chivian et al., 2008; Dekas et al., 2009; Mason et al., 2009; Mason et al., 
2010). To date this is the only subsurface study to investigate whether ammonium was 
supplied by the breakdown of NH4+-bearing minerals. Although there is no evidence that 
NH4+ is geologically sourced at Henderson, it will be important to evaluate minerals for 
NH4+ content in future studies of nitrogen utilization by subsurface microbial 
communities.  
The detection of the amoA gene for ammonia monooxygenase from ammonia 
oxidizing archaea (AOA) at Henderson demonstrates that ammonium oxidation may 
support life deep within the crust. Although the discovery that archaea can oxidize 
ammonium came only in the last decade, the abundance of AOA in surface and 
subsurface settings signifies ammonia oxidation is a globally important process of the 
nitrogen cycle. The detection of AOA in Henderson fluids where there is a restricted 
supply of nutrients and energy sources as well as the potential presence of dissolved 
sulfide agrees well with other studies suggesting that AOA appear to be more adapted to 
low ammonium concentrations than the ammonia oxidizing bacteria (AOB), and these 
findings contribute to our knowledge of the habitats in which AOA dominate over AOB. 
The detection of nxrB genes encoding part of the nitrite-oxidizing enzyme in the genus 
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Nitrospira resonates with the characterization of Henderson fluids as a niche for 
organisms that can tolerate low quantities of substrate. Nitrite-oxidation by Nitrospira 
may be important in low-NO2- environments such as the terrestrial subsurface, where 
substrate concentrations are too low to support Proteobacterial NOB (Lücker et al., 
2010). The geochemical detection of the products and reactants of both of these 
nitrification reactions combined with the molecular evidence that ammonia and nitrite-
oxidizing genes are present support the existence of a subsurface nitrification pathway, 
the first identified for a deep, granitic environment. 
 
5.2 Reflections on remaining questions 
The initial dataset of aqueous geochemical measurements, a few isotopic 
measurements of carbon, oxygen and hydrogen, and DNA-based surveys of the fluid and 
rock-hosted microbial community assisted in developing preliminary hypotheses 
regarding the potential geomicrobiological processes at Henderson Mine. The initial 
fieldwork also provided enough samples and initial data to make the subsequent 
thermodynamic calculations, culture and characterize Fe- and Mn-oxidizing isolates, and 
explore microbial nitrogen cycling as summarized above. However, our inability to 
access the mine after the 2005-2006 trips to retrieve fresh borehole fluid samples limited 
my ability to test several hypotheses. These hypotheses concern whether or not the 
Henderson borehole fluids contained dissolved sulfide or H2 that might be used as an 
electron donor, whether highly reacted fluids (i.e. 7150’ level boreholes) contained even 
more elevated levels of NH4+ than observed at the 7025’ level, and whether there was 
isotopic evidence that nitrogen fixation and nitrification were occurring, and finally 
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whether fluids contained H2 that might be used as an electron donor. Future access to the 
mine would allow some of these questions to be assessed.  
Some modifications to the experiments I performed would have enhanced the 
culturing work and our understanding of the processes that support the diverse microbial 
community present in the rocks and fluids of Henderson Mine. For example, it would 
have been useful to do the affinity calculations on the borehole fluid chemistry before 
setting up culturing experiments. While several enrichments successfully duplicated 
reactions that appeared favorable in situ without being informed by affinity calculations 
(i.e. Fe gradient tubes for Fe-oxidation), other reactions were not explicitly simulated in 
culturing experiments. For instance, NH4+ and NO2- oxidation both have positive affinity 
in the Henderson fluids, and amplification of amoA and nxrB supports the existence of 
AOA and Nitrospira in borehole 7025’ P4 that can gain energy from these reactions. 
Perhaps with targeted culturing experiments, some of the putative nitrifying organisms 
detected in situ could have been brought into culture or enrichment, for instance by the 
using micromolar levels of ammonium and nitrite as the sole electron donors to 
specifically select for these classes of nitrifiers.  
Affinity calculations also revealed that some reactions were not predicted to 
support life, notably sulfate reduction. Sulfate reduction may be favorable in Henderson 
fluids with H2, which is lower redox potential than other donors detected in the fluids, but 
this reaction could not be thermodynamically evaluated because no dissolved H2 
measurements were made. H2 measurements should be a key target for any chemical 
characterization of the aqueous geochemistry of subsurface fluids at Henderson, since it 
would inform whether or not sulfate reduction might be important in Henderson fluids, as 
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it appears to be in other deep terrestrial hard rock settings (Chivian et al., 2008; Kieft et 
al., 2005; Moser et al., 2005). Furthermore, detection of H2 may point to radiolysis of 
water as a significant process providing energy sources at Henderson (Lin et al., 2005a; 
Lin et al., 2005b; Lin et al., 2006b). Radiolysis reactions are highly likely at Henderson 
because of the enrichment of radiogenic isotopes in granite, which is the dominant rock 
type at Henderson. 
Because I was not able to return after the 16S rRNA analyses were completed on 
environmental DNA, I lost the opportunity to study the environmental role of a 
completely novel phylum of bacteria, the Henderson candidate division. The 16S rRNA 
sequences of these organisms were much more highly represented in fluids of boreholes 
that were fit with packers, suggesting Henderson candidate division bacteria are adapted 
to low-O2 conditions. If there were an opportunity to re-sample from these boreholes, 
perhaps these organisms could either be enriched or isolated in a culture for future study. 
Likely target redox reactions for enrichment would utilize nitrate, nitrite or Mn- or Fe-
oxides as electron acceptors due on the dominance of this organism in packer-fitted, 
anoxic boreholes. Based on thermodynamic predictions, electron donors utilizable in 
these boreholes could be reduced sulfur species, methane or organic carbon or Fe(II) 
when coupled with nitrate/nitrite. If Henderson candidate division bacteria should prove 
to not be amenable to culturing or enrichment, successive sampling may yield enough 
DNA to perform a metagenomic analysis, which would provide a glimpse of the genes 
encoded by this organisms DNA, and perhaps an insight into its functional role in the 
environment. 
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Additional sampling trips to Henderson would also have allowed for collection 
and proper preparation of samples for isotopic analysis or incubation studies. 
Specifically, analysis of δ15N in NH4+ and N2 would be useful in determining whether 
nitrogen fixation is occurring. The δ15N of organic nitrogen produced by N2-fixation is 
generally fractionated by -2 to 2‰ compared to the 0‰ of atmospheric N2 (Canfield et 
al., 2005; Casciotti, 2009; Delwiche and Steyn, 1970). Activity of the nitrogenase 
enzyme, another indicator of nitrogen fixing activity, could be assessed by incubations 
with 15N2 for uptake measurements, or blocked by incubation with acetylene, which is 
reduced to ethylene by nitrogenase (Stewart et al., 1967). Expression of the nitrogenase 
enzyme, which would be revealed in the active transcription of nitrogenase genes 
detectable by RNA amplification, would also signify whether organisms are utilizing 
nitrogenase. Similar experimental approaches could be used to assess the occurrence of 
ammonia and nitrite oxidation in Henderson fluids. Ammonium oxidation produces NO2- 
that is lighter than NH4+ by 14 to 38‰ (Delwiche and Steyn, 1970), while NO3- produced 
by bacterial nitrite oxidation is actually heavier than NO2- by ~13‰ (Casciotti, 2009), 
and some of these signatures may be detectable at Henderson. Also, increases in 
transcription of amoA and nxrB genes would be expected to be detectable with an RNA-
based approach.   
 
5.3 Future Research Directions 
The study of a putative nitrification pathway in borehole 7025’ P4 elucidated 
several directions for future research. The makeup of this microbial community is unique, 
with the presence of the novel phylum Henderson candidate division, AOA and NOB. 
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While the phylogenetic ties between the nifH sequences and the Henderson candidate 
division are tenuous, it is possible that these bacteria are nitrogen fixers, and that fixed 
ammonium is then a substrate for AOA. Direct sequence evidence is necessary to 
establish whether the Henderson candidate division genome encodes for nitrogenase. 
Because Henderson candidate division is so abundant (~30% by 16S rRNA) in the DNA 
sample of borehole 7025’ P4, it is likely that metagenomic sequencing of the entire DNA 
sample would be able to get good coverage of the genome of this organism, and perhaps 
reveal if it possesses nifH. However, there is not enough DNA available from the 7025’ 
P4 sample to do a metagenome, it is an expensive proposition. A more economical 
approach would be to clone 7025’ P4 DNA into large vectors such as fosmids or cosmids 
that can accommodate ~10,000-90,000 bp fragments of DNA, or bacterial artificial 
chromosomes (BAC) that can hold ~100,000 bp. Similar to cloning of single genes, a 
large piece of DNA, hopefully carrying the 16S rRNA marker gene of Henderson 
candidate division, could be cloned and amplified and then inserted into an E. coli host. 
The cloned DNA could then be screened for the presence of nifH and 16S rRNA. If both 
genes appeared on the same clone, it would link them to the same organism. 
A large-capacity vector library would allow several scientific questions to be 
posed and answered simultaneously. The nxrB sequence detected from borehole 7025’ P4 
is likely to have come from Nitrospira bacteria based on phylogenetic analysis, but there 
is no direct evidence for this. The fosmid library could also be cross-screened for clones 
that contain both Nitrospira 16S rRNA and nxrB genes. If they were found on the same 
strand of DNA, it would be only the second definitive nxrB sequence known for a 
Nitrospira. Such a discovery would inform the development of primers that could be used 
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for amplification of this gene from natural samples, and enhance our understanding about 
the ecology and genetics of this organism. The same could be done for AOA. Although 
AOA are much more well-studied than Nitrospira, the linkage of 16S rRNA to amoA 
would be useful in building our phylogenetic understanding of this metabolism in 
archaea.  However, with average microbial genomes around 3 million bp, it may be 
unlikely that functional genes and 16S rRNA genes will appear on the same cloned 
strand, undermining the utility of this method. 
If, however, any interesting clones of Henderson candidate division, AOA or 
Nitrospira DNA were identified the insert could be sequenced entirely. Henderson 
candidate division is completely novel and the only information about it is a 16S rRNA 
sequence and the fact that its relative abundance increased when conditions became 
anoxic. Acquiring 40,000-100,000 bp of sequence data on this organism may reveal how 
it is adapted to the subsurface. Perhaps it has carbon fixation genes, as is seen for another 
subsurface organism that dominates anoxic fluids in South Africa (Chivian et al., 2008). 
A similar metagenomic approach was also used to acquire a genome of Nitrospira from 
an enrichment of the organism, and this is currently the only Nitrospira genome in the 
public database (Lücker et al., 2010). If Nitrospira DNA could be cloned in a fosmid or 
BAC, even the 40,000 bp (out of a ~4 million bp genome for Ca. Nitrospira defluvii) may 
provide useful information about the genetic content of these organisms, which would 
inform whether these organisms posses nitrite oxidation machinery that evolved 
separately from proteobacterial nitrite-oxidizing enzymes, as has been proposed by 
Lücker et al (2010).  
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Although in the Henderson environment biologically-fixed nitrogen is the likely 
source of ammonium, there may be some subsurface environments where geologically-
supplied nitrogen supports the microbial community. A number of terrestrial subsurface 
settings, mostly mines, have reported ammonium or other nitrogen species in 
concentrations comparable to those observed for Henderson fluids (Hirayama et al., 
2005; Kieft et al., 2005; Spear et al., 2007; Weidler et al., 2007). None of these studies 
addressed the origin of those substrates. An avenue for future research would be to assess 
the mineral assemblages within these mines for the presence of NH4+ substituted for K+ 
in silicate (particularly mica) minerals. While detection of NH4+ in subsurface minerals 
would not only suggest a role for geological ammonium as a nutrient and energy source, 
it would also be a novel extension of the global nitrogen cycle to subsurface settings. To 
assess if a subsurface ecosystem could be supported by geologic ammonium it would be 
important to consider the mechanisms by which ammonium is released from minerals. 
Laboratory experiments with organisms (i.e. Burkholderi fungorium) that are known to 
mediate release of nutrients from minerals (Wu et al., 2008) could be used to explore if 
and how organisms access mineral-bound NH4+. Mass balance of species in the aqueous 
phase over the course of enrichments may elucidate mechanisms and rates of reactions, 
and analysis of mineral phases before and after reaction with techniques like FTIR and 
electron microscopy may reveal evidence of physical changes to the mineral, or microbe-
mineral associations. 
The detection of colloidal Fe-oxide phases produced in experiments with an Fe-
oxidizing Ralstonia HM08-01 from Henderson raises the question about whether 
colloidal phases are forming in situ at Henderson Mine or other environments that 
	   183 
contain abundant inorganic ligands (i.e. Si, PO43-), and if so whether they are detectable 
and quantifiable with in situ voltammetry. Voltammetry has at least two advantages over 
other techniques that could also be used to establish the colloidal nature of a particle (i.e. 
electron microscopy, filtration). One is that measurements can be performed in situ 
without alteration of the state of the particle by sampling, and the second is that 
voltammetry will concurrently collect information about other aqueous species in the 
system that may be related to the formation of colloids (i.e. Fe(II)). Further access to the 
mine would allow me to evaluate whether any voltammetrically-active species are 
present, and collect fresh samples to evaluate the chemical composition of Henderson Fe-
oxides (by electron microscopy and synchrotron-based XAS) to see if ligands such as Si 
are incorporated into the structure of these particles. 
Fe-oxide minerals precipitating from Henderson borehole fluids were evaluated 
by XAS-based methods. These analyses revealed the presence of a low-crystallinity Fe-
oxide structure with spectral similarities to other mineral mats collected from the seafloor 
(Wu et al., 2008). This particular phase was not seen in the gradient experiments with 
Ralstonia HM08-01, and so does not seem to be formed specifically in the presence of 
either Si or PO43-. Sulfide was present in fluids at both seafloor sites where the reference 
materials were collected (Templeton et al., 2009; Toner et al., 2009b), and although 
sulfide was not measured at Henderson, the presence of ore-bearing pyrite suggest a 
source of sulfide. Experiments are in progress to determine if sulfide determines the 
formation of low-crystallinity Fe-oxides with the spectral characteristics of those found 
on the seafloor and at Henderson. To do this, Fe-oxides forming in FeS gradient tubes 
will be analyzed by XAS. 
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Lastly, the cultivation of Ralstonia HM08-01, which grows both heterotrophically 
and by Fe-oxidation, holds promise for genetic studies to determine the genes involved in 
Fe-oxidation. Fe-oxidation is currently the only major lithotrophic metabolism for which 
genes and enzymes are completely unknown (Glazer and Rouxel, 2009; Toner et al., 
2009a). Some of the problems in characterizing this metabolism are that most lithotrophic 
FeOB do not grow heterotrophically, and so mutation screening and acquisition of 
significant biomass and DNA for analysis are impossible. Ralstonia HM08-01, although 
not an autotrophic FeOB, would be amenable to this type of laboratory study and may 
help elucidate the genetic basis for Fe-oxidation. Additionally, its growth under nutrient-
limited conditions makes it a candidate for future biomineralization or nutrient 
acquisition studies.  
 
5.4 Final thoughts 
The crustal subsurface offers the opportunity to look for environments devoid of 
photosynthetic input (i.e. organic carbon, O2, and oxidized species such as NO3-) and 
fueled by geochemically-derived energy sources (primarily H2). If such a SLiME exists 
on modern Earth it is an important analogue to early Earth. The first ultramafic oceanic 
crust would have provided chemolithoautotrophic microbes with H2 via serpentinization, 
a process that is thought to support microbial life that can utilize geochemically-derived 
electron acceptors (i.e. CO2, S0, Fe(III)) in some modern hydrothermal vents (Brazelton 
et al., 2006). Continental crust may have also been an important habitat as continents 
began to form due to preferential enrichment of U, Th and K, which can produce H2 via 
radiolytic reaction with water (Lin et al., 2006b). Localized granite may have existed on 
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Earth as early as 4.3 Ga (Condie, 1993). Despite this, oceanic crust certainly formed prior 
to continental crust and was more abundant early on, and so is likely a more significant 
crustal habitat on the early Earth. 
Both oceanic and continental crustal habitats are worth consideration and study as 
subsurface habitats for early and modern life, and because of the different origins for 
energy and nutrient sources supporting life in each type of crust. For instance, oceanic 
crust may support life through abiotic synthesis of organic compounds usable as energy 
sources or nutrients in hydrothermal vents hosted by basalt or ultramafic crust 
(McCollom and Seewald, 2007). Continental crust that has interacted with surface 
sediments via anatexis or hydrothermal systems may support subsurface microbes with 
ammonium where it is substituted into potassic rocks, as discussed in this dissertation. 
Although Fe(II) can support subsurface life as an energy source, the source for Fe(II) in 
basalt is olivine, and biotite in granite. The finding that Ralstonia sp. can oxidize Fe(II) in 
a granitic system is suggestive that the microbes and processes of Fe-oxidation may vary 
across different lithologies. Future studies of the microbial strategies for acquiring and 
utilizing nutrients and energy sources from both types of crust will broaden our 
understanding of the habitability of these environments in both modern and ancient times. 
At Henderson Mine, fluids contain the imprint of photosynthesis in the low 
amounts of organic carbon and oxidized species (O2, NO2- and NO3-). Although 
Henderson is not a direct analogue to earliest Earth, it can still be thought of as an analog 
to the geochemical conditions experienced by organisms present as oxygen began to 
build in Earth’s atmosphere during the Precambrian. Henderson fluids have low amounts 
of O2 but contain other oxidized terminal electron acceptors (NO2-, NO3-, Fe- and Mn-
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oxides) that are thermodynamically favorable. The restricted input of oxidized species is 
analogous to conditions experienced by ocean-dwelling organisms after the rise of 
oxygenic photosynthetic organisms (i.e. cyanobacteria). In Henderson, organisms utilize 
O2 to oxidize geochemically-derived electron donors such as Fe and Mn, or NH4+ as a 
product of nitrogen fixation. These metabolisms are hypothesized to have become 
important in the Precambrian ocean during oxidation, along with others that are possible 
for Henderson (i.e. oxidation of reduced sulfur compounds, metal reduction; Emerson et 
al., 2010). Future research on deep terrestrial environments such as Henderson will help 
constrain the environmental conditions under which oxic metabolisms take place, the 
types of organisms that mediate these reactions, and the resulting geochemistry and 
mineralogy from these reactions, and this knowledge can be applied to understanding the 
conditions in the Precambrian under which these metabolisms originally developed.  
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Appendix A  
Chapter 2 Supplement 
 
Depth profiles of cell numbers in gradient tubes inoculated with Ralstonia HM08-01 
through time. A. Growth without an FeCO3 plug or B. with an FeCO3 plug (red = 1 wk, 
blue = 2 wk, green = 3 wk, yellow = 4 wk).  
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Appendix B  
Chapter 2 Supplement 
 
Depth profiles of total Fe in FeCO3 gradient tubes through time. A. Abiotic gradient tubes 
and B. biotic gradient tubes (red = 1 wk, blue = 2 wk, green = 3 wk, yellow = 4 wk).  
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Appendix C 
Chapter 2 Supplement 
 
Voltammetric profiles of Fe(II) (u), Fe(III) (n) and O2 (l) through abiotic (A-C) and 
biotic (D-F) experiments at days 2, 4 and 30. Fluxes of Fe(II) are evident at day 4. O2 was 
not assessed at day 30. The Fe(III) species is present at all depths after 30 days. Orange 
regions denote the presence and relative thickness of visible Fe-oxide bands in the 
gradient tube. 	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Appendix D-1 
Chapter 4 Supplement 
 
Henderson "H" Media 
  Ingredient Amount (per liter) Concentration 
Silicic acid (H4SiO4) 4.805 mg 50 uM 
Magnesium sulfate (MgSO4) 246.48 mg 18 mM 
Calcium sulfate (CaSO4) 51.63 mg 100 uM 
Strontium chloride (SrCl2) 2.66 mg 10 uM 
Sodium bicarbonate (NaHCO3) 840.01 mg 10 mM 
Potassium nitrate (KNO3) 1010.11 mg 1 mM 
Dipotassium phosphate (K2HPO4) 17.42 mg 100 uM 
Ammonium sulfate (NH4)2SO4 1.321 g 10 mM 
   Ultrapure agar (for plates) 15g 
 
   After autoclaving add pre-sterilized solutions: 
 MES Buffer (pH 6) 1 ml of 1 M solution 1 mM 
Trace Elements 1 ml 
 Vitamins 1 ml 
 Manganese sulfate (MnSO4) 10 ml of 1.8 M solution 18 mM 
Ferrous sulfate (FeSO4) 100 ul of 1 M solution 100 uM 
   
Sodium acetate (optional) 
20 ml of 10 mM 
solution 200 uM 
   Trace element solution contained per liter: 10 mg CuSO4, 44 mg ZnSO4, 20 mg 
CoCl2 and 12 mg Na2MoO4. 
   Vitamin solution contained per liter: 20 mg Biotin, 50 mg Nicotinic acid, 50 mg 
Thiamin, 50 mg p-Aminobenzoic acid, 50 mg Pantothenic acid, 100 mg 
Pyridoxine-HCl, 1 mg Vitamin B12, 50 mg Riboflavin, 20 mg Folic acid, 50 mg 
Thioctic acid 
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Chapter 4 Supplement 
 
Modified PYG Media 
  Ingredient Amount (per liter) Concentration 
Calcium chloride (CaCl2) 70.6 mg 48 uM 
Magnesium sulfate (MgSO4) 205 mg 83 uM 
Yeast Extract 0.5 g 
 
   Granulated agar (for plates) 15g 
 
   After autoclaving add pre-sterilized solutions: 
 D(+)Glucose 5 ml of 1 M solution 5 mM 
Casamino Acids 5 ml of 100 g/L solution 0.5 g/L 
HEPES buffer (pH = 7.5) 10 ml of 1 M solution 10 mM 
Trace Elements 1 ml 
 Manganese chloride (MnCll2) 100 ul of 1 M solution 100 uM 
Ferric chloride (FeCl3) 
370 ul of 10 mM 
solution 3.7 uM 
   Trace element solution contained per liter: 10 mg CuSO4, 44 mg ZnSO4, 20 mg 
CoCl2 and 12 mg Na2MoO4. 
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Appendix D-3 
Chapter 4 Supplement 
 
Artificial Seawater 
  Ingredient Amount (per liter) Concentration 
Sodium Chloride (NaCl) 30 g 
 Magnesium sulfate (MgSO4) 24 g 
 Calcium chloride (CaCl2) 3 g 
 Potassium chloride (KCl) 2 g 
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Appendix D-4 
Chapter 4 Supplement 
 
K-asw Media 
  Ingredient Amount (per liter) Concentration 
980 ml Artificial seawater 
  Yeast Extract 0.5 g 0.5 g/L 
Peptone 2 g 2 g/L 
   Granulated agar (for plates) 15g 
 
   After autoclaving add pre-sterilized solutions: 
 HEPES buffer (pH = 7.8) 20 ml of 1 M solution 20 mM 
Manganese chloride (MnCll2) 100 ul of 1 M solution 100 uM 
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Chapter 4 Supplement 
 
Thermus Media (10X) 
  Ingredient Amount (per liter) Concentration 
Nitrilotriacetic acid 1 g 
 Calcium sulfate (CaSO4) 600 mg 
 Magnesium sulfate (MgSO4) 1 g 
 Sodium chloride (NaCl) 80 mg 
 Potassium nitrate (KNO3) 1.03 g 
 Sodium nitrate (NaNO3) 6.89 g 
 Dipotassium phosphate (K2HPO4) 1.29 g 
 
   Noble agar (for plates) 15g 
 
   After filter-sterilizing add pre-sterilized solutions: 
 Trace salts 10 mL 
 Ferric chloride (FeCl3) 167 ul of 1M stock 
 Yeast Extract and Peptone 2 ml of 5% stock 
 
   100X Trace salt solution contained per liter: 2.2 g MnSO4, 500 mg ZnSO4, 500 mg 
H3BO3, 16 mg CuSO4, 25 mg Na2MoO4,, 46 mg CoCl2 and 0.5 ml 1 M H2SO4. 
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Chapter 4 Supplement 
 
Least Squares Fitting results for EXAFS spectra from red minerals 
  Sample SAC? M34 (SAC) M39 (SAC) red. chi2 Total eV shift 
7025' D1  yes 0.60 0.42 0.025 1.0 -0.07 
7025' D4 no 0.56 0.46 0.089 1.0 -0.04 
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Least Squares Fitting results for XANES spectra from black minerals 
  Sample SAC? Mn2+ Mn4+ red. chi2 Total eV shift 
7025' Black 
Fracture no 0.76 0.24 0.0023 1.0 NA 
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Least Squares Fitting results for EXAFS spectra from black minerals 
Sample SAC? d-MnO2 MnSO4 Rhodocrosite red. chi2 Total 
eV 
shift 
7025' Black 
Fracture no 0.28 0.17 0.53 0.56 0.98 -0.14 
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Phylotype 
# of 
clones 
Sample (depth 
[ft], location, 
type of source 
material) 
Tube 
Type 
Incubation 
Temp. 
Closest Relative (% 
identity) Phylum 
FeSD1H-A 1 
7025' D1 H2O FeS 40 
Acidobacteria 
bacterium IGE-016 
(94) Acidobacteria 
FeSD1H-B 2 
Ignavibacterium 
album (98) Chlorobi 
FeSD1H-D 2 
Sphingobacteriaceae 
bacterium BR5-29 
(94) Bacteroidetes 
FeSD1H-E 1 
Acidobacteria 
bacterium IGE-016 
(92) Acidobacteria 
FeSD1H-J 1 
Henderson clone 
7150D1B89 (95) 
Beta 
Proteobacteria 
FeSD1H-L 1 
Rubrobacter 
xylanophilus DSM 
9941(96) Actinobacteria 
FeSD1H-M 1 
Meiothermus silvanus 
DSM 9946 (99) Thermus 
FeSD1H-N 2 
Henderson clone 
7025P1U56 (99)  
Beta 
Proteobacteria 
FeSD1HP 1 
Henderson clone 
7025P4U61 (99) Acidobacteria 
FeSD4H-B 2 
7025' D4 H2O FeS 40 
Henderson clone 
7025P4U69 (99) 
Beta 
Proteobacteria 
FeSD4H-D 1 
Rhizobiales isolate 
CsBT10/2 (97) 
Alpha 
Proteobacteria 
FeSD4H-F 1 
Meiothermus silvanus 
DSM 9946 (99) Thermus 
FeSP1R-A 1 
7025' P1 Fe-
oxides FeS 55 
Acinetobacter 
septicus str. AK001 
(99) 
Gamma 
Proteobacteria 
FeSP1R-C 1 
Propionibacterium 
acnes str. JCM 6473 
(99) Actinobacteria 
FeSP1R-D 1 
Clostridium 
saccharobutylicum 
str. BS2 (99) 
Firmicutes/Gram 
+ 
FeSP1R-F 1 
Pseudomonas sp. 2l-
25(2010) (99) 
Gamma 
Proteobacteria 
FeSP1R-G 1 
Thermoleophilum 
minutum str. YS-4 
(99) Actinobacteria 
FeSP1R-H 1 
contaminated 
sediment clone 
655942 (96) OP11 
FeSP1R-O 2 
Mn-oxidizing fungus 
str. KR21-1 (99) Fungi 
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FeSP4R-B 5 
7025' P4 Fe-
oxides FeS 55 
Pantoea conspicua 
str. LMG 24534 (99) 
Gamma 
Proteobacteria 
FeSP4RC 1 
skin clone 
ncd2732c01c1 (99) Firmicutes 
FeSP4R-E 7 
Cupriavidus 
metallidurans CH34 
(100) 
Beta 
Proteobacteria 
FeSP4R-G 2 
Acinetobacter 
septicus str. AK001 
(99) 
Gamma 
Proteobacteria 
FeSP4R-I 1 
Bradyrhizobium sp. 
Albi6 (99) 
Alpha 
Proteobacteria 
FeSP4R-U 1 
Agrobacterium sp. 
KZ_Aa1F_Mm1 (99) 
Alpha 
Proteobacteria 
FeSP4R-W 1 
Streptococcus minor 
strain 51MP (98) 
Firmicutes/Gram 
+ 
FeSP4R-X 1 
Bacillus megaterium 
str. RHQ17 (99) Firmicutes 
FeSP4R-
DD 2 
Sphingobium 
yanoikuyae str. SJ77 
(99) 
Alpha 
Proteobacteria 
Each phylotype contains clones >98% related 
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Phylotype 
# of 
clones 
Sample (depth 
[ft], location, 
type of source 
material) 
Tube 
Type 
Incubation 
Temp. 
Closest Relative (% 
identity) Phylum 
Fe0D1H-A 1 
7025' D1 H2O Fe0 40 
Pseudobutyrvibrio 
xylanivorans str. 
CE51 (89) Firmicutes 
Fe0D1H-B 6 
Meiothermus silvanus 
DSM 9946 (99) Thermus 
Fe0D1H-D 2 
Acidobacteria 
bacterium IGE-018 
(96) Acidobacteria 
Fe0D1H-E 1 
Henderson clone 
7150D1B69 (93) 
Gamma 
Proteobacteria 
Fe0D1H-J 1 
uncultured 
proteobacterium 
clone VSL5W1u82 
(99) 
Beta or Gamma 
Proteobacteria 
Fe0D1R-A 1 
7025' D1 Fe-
oxides Fe0 40 
Acidobacteria 
bacterium IGE-018 
(97) Acidobacteria 
Fe0D1R-B 1 
Henderson clone 
7025P4B69 (93) 
Beta or Gamma 
Proteobacteria 
Fe0D1R-C 3 
Uncultured 
proteobacterium 
clone VSL5W1u82 
(99) 
Beta or Gamma 
Proteobacteria 
Fe0D1R-E 3 
Meiothermus silvanus 
DSM 9946 (99) Thermus 
Fe0D1R-G 1 
Silanimonas lenta str. 
25-4 (99) 
Gamma 
Proteobacteria 
Fe0D1R-J 2 
Alpha 
proteobacterium 
CRIB-02 (99) 
Alpha 
Proteobacteriu
m 
Fe0D1R-L 1 
Henderson clone 
7025P4B69 (99) 
Beta 
Proteobacteria 
Fe0D1R-M 1 
Alpha 
proteobacterium 
CRIB-03 (99) 
Alpha 
Proteobacteriu
m 
Fe0P4R-A 1 
7025' P4 Fe-
oxides Fe0 55 
Acidobacteria 
bacterium IGE-018 
(96) Acidobacteria 
Fe0P4R-B 1 
Lactobacillus lactis 
str. N3 (99) Firmicutes 
Fe0P4R-C 1 
Hordeum jubatam 
(99) 
Eukaryote; 
Viridiplantae 
Fe0P4R-D 1 
Meiothermus silvanus 
DSM 9946 (99) Thermus 
Fe0P4R-E 1 
Henderson clone 
7025P1U56 (92) 
Gamma 
Proteobacteria 
Each phylotype contains clones >99% related 
 
